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GENERAL INTRODUCTION 
In the Midwest, the native nodule bacteria of soybean are 
notoriously competitive but, unfortunately, are reported to be low in 
symbiotic effectivity. Several attempts in the past to displace these 
organisms from nodules with more efficient strains at normal 
inoculation rates have failed. Competition among nodule bacteria in 
the soil for nodule sites is a complex phenomenon that involves 
interactions among host plants, bacteria, and soil environmental 
factors. Further research on each of these three factors is needed to 
better understand the ecology and competitiveness of these organisms in 
soil. 
After reclassification of the soybean nodule bacteria in the early 
1980s, these organisms now belong to two genera. The fast-growers 
belong to the genus Rhizobium and are called rhizobia, and the slow-
growers belong to the genus Bradvrhizobium and are called 
bradyrhizobia. (Often, when no distinction is intended between these 
groups, the nodule bacteria collectively are called by the widely 
accepted general term "rhizobia.") 
In the present studies, three Chinese fast-growing rhizobia were 
evaluated for their competitiveness against native slow-growing 
bradyrhizobia in Iowa soils, and the symbiotic effectivity of the 
Chinese rhizobia on commonly grown soybean cultivars of Iowa. The 
first section, entitled "Literature Review", briefly outlines previous 
research. This section contains Introduction, Siderophores, and 
References Cited subsections and includes a figure in the text. This 
section will not be submitted for publication. 
The second section, entitled "Symbiotic Effectivity, Competitive 
Ability, and Persistency of Three Chinese Rhizobium fredii Strains in 
Iowa Soil", evaluated the competitiveness of three Chinese fast-growing 
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rhizobia in the greenhouse and field, and tested the relative 
competitiveness of Chinese and native strains in forming nodules on 
soybean. Also, the relative efficiencies of the Chinese rhizobia for N 
fixation were compared with native as well as other slow-growing 
bradyrhizobia, and the saprophytic survivability of the Chinese 
rhizobia was evaluated in field soil for 3 yr. This section contains 
Abstract, Introduction, Materials and Methods, Results and Discussion, 
Summary, and References Cited subsections and has tables and a figure 
included in the text. This manuscript will be submitted to the 
Agronomy Journal for publication. 
The third section, entitled "Tn5 Mutagenesis of Chinese Rhizobium 
fredii for Siderophore Over-production and its Impact on Competition", 
tested the three Chinese fast-growing rhizobia and three USDA slow-
growing bradyrhizobia for siderophore production. Mutants were 
developed by Tn5 mutation to investigate the effect of siderophore 
over-production on competitiveness of mutants against native 
bradyrhizobia present in an alkaline soil. This section contains 
Abstract, Introduction, Materials and Methods, Results and Discussion, 
Summary, and References Cited subsections and has tables and three 
figures. This manuscript will be submitted to Soil Biology and 
Biochemistry for publication. 
An overall summary and discussion of results follows these 
sections in "Summary and Conclusions." 
Appendices A and B contain summary tables of the raw data 
discussed in Sections 2 and 3, respectively. 
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SECTION 1. 
LITERATURE REVIEW 
4 
INTRODUCTION 
Bhizoblal Cong)etition 
Rhizobial competition (Rhizobiiim and Bradvrhizobiiim) for 
nodulation in legumes is measured by comparing the ability of 
introduced strains to form nodules on the chosen host• Many factors 
affecting competition are not yet well understood. Competition may be 
at two levels : survival in the soil (events occurring outside the 
host) and infection of the host-root system (events within the host and 
perhaps controlled by the host). Many nodules appear to be produced by 
mixed infections (Broughton, 1978; May and Bohlool, 1983) and, upon 
nodule decay, the bacteria are released into soil. The ratio of 
bacteria within these nodules may have a direct bearing on the numbers 
of the various strains in the soil. Furthermore, the saprophytic 
competence of individual strains, i.e., the capacity of rhizobia to 
establish in soil in the absence of the host legume, and their 
subsequent abundance also may influence later competition against 
introduced inoculant strains. Hence, the plant, whether it be the host 
or a nonlegume, provides a rhizosphere conducive to the saprophytic 
survival of rhizobia and, thus, impacts competition. 
Ecological factors affect competition directly through their 
effect on bacteria as well as indirectly through their influence on 
plant growth. Numerous experiments have shown that the rhizobial 
genome contributes substantially to competition for nodulation. Thus, 
three major factors (a procaryotic genome, a eucaryotic genome, and the 
environment) interact together to influence the outcome of field-
inoculation studies in forming a successful symbiosis between bacteria 
and the legume host. Each of these factors will be described in detail 
in the sections that follow. 
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Hlcros^mbloxit 
Rhizobia 
Early Roman writings of more than 2000 years ago indicated the 
beneficial effects of leguminous plants. The Chinese during the same 
period also were aware of the use of the water fern Azolla in rice 
cultivation. Legumes used in rotation with other crops provided the 
agricultural stability that allowed the industrialization of Western 
Europe. It was Sir Humphrey Davey in 1813 who first suggested that N 
(azote) was derived from the atmosphere. Beijerinck (1888) isolated 
the bacteria responsible for N fixation in legumes and called them 
Bacillus radicicola. These were later renamed Rhizobium. 
Since the discovery of these bacteria, microbiologists have been 
challenged to classify them. The genus-level classification of nodule 
bacteria in years past was based on the infectivity and nodulation of 
various host plants. All bacteria that formed nodules on legumes were 
placed in the genus Rhizobium. Recently, this genus was divided into 
two genera, Rhizobium and Bradvrhizobium. to distinguish fast- and 
slow-growers (Jordan, 1982). Differences between these two genera are 
based on generation times, serology, cell-wall composition, antibiotic 
resistance, bacteriophage infectivity, carbohydrate utilization, % mol 
G+C base ratios, and DNA hybridization. Members of these genera are 
gram-negative, nonspore-forming rods (0.5-0.9 x 1.2-3.0 juti), which 
contain granules of poly-8-hydroxybutyrate. They are motile by one 
polar or subpolar flagellum or two to six peritrichous flagella. They 
are predominantly aerobic but often can grow well under low-oxygen 
tensions (< 1.0 Kpa). 
Members of the genus Rhizobium are referred to as fast-growers 
because they produce colonies 2-4 mm in diam. within 3-5 days when 
grown on Yeast Mannitol Agar (YMA). Rhizobium produce acid and reduce 
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the pH of the carbohydrate-containing medium on which they grow. 
Members of the genus Bradvrhizobium are referred to as slow-growers 
because they produce colonies 1 mm or less in diam. within 5-7 days 
after incubation on YMA medium. They generally do not acidify media 
and may even produce alkaline reactions (Jordan, 1982) . 
Most bacteria that infect and nodulate soybean are slow-growers 
(B. iaponicum), but recently fast-growing strains of rhizobia that 
colonize soybean have been collected from The People's Republic of 
China (PRC). Keyser et al. (1982) first reported the isolation of 11 
strains of fast-growing rhizobia from root nodules and soils collected 
in the provinces of Shansi, Honan, Shandong, and Shanghai, PRC. These 
strains did not nodulate several North American commercial soybean 
cultivars (van Rensberg et al., 1983). Comparative studies were 
conducted of the 11 strains for a) growth rate and acid production on 
YMA (Keyser et al., 1982; Sadowsky et al., 1983; Stowers and Eaglesham, 
1984), b) plant cross inoculation (Keyser et al., 1982), c) plasmid 
profiles (Sadowsky and Bohlool, 1983; Heron and Pueppke, 1984), d) 
location of N fixation (nif) and nodulation (nod) genes (Sadowsky and 
Bohlool, 1983), f) susceptibility to antibiotics (Stowers and 
Eaglesham, 1984), g) physiological characteristics (Sadowsky et al., 
1983), h) vitamin requirements and tolerance to NaCl (Stowers and 
Eaglesham, 1984), and i) deoxyribo nucleic acid (DNA) hybridization 
(Scholia et al., 1984). The work concluded that members of this group 
had cultural characteristics similar to species of the fast-growing 
genus Rhizobium and symbiotic characteristics similar to species in the 
slow-growing genus Bradvrhizobium. This group of unique bacteria did 
not conform to the criteria for any of the previously recognized 
species (Keyser et al., 1982; Sadowsky et al., 1983; and Yelton et al., 
1983). Based on these results, Scholia et al. (1984) proposed a new 
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species, Rhizobium fredii, for fast-growing soybean nodule bacteria, in 
honor of the late Edwin Broun Fred (1887-1981). 
Dowdle and Bohlool (1985) isolated several strains of fast-growing 
soybean rhizobia from two soils with different cropping histories in 
Hubei Province, PRC. The soil from Honghu county had been under 
soybean cultivation for decades and soil from Wuchang county had been 
under rice cultivation, with no prior record of soybean cultivation. 
Rhizobium isolates were obtained both from soybean-rhizosphere-soil 
suspensions and from root nodules of soybean planted directly in these 
soils. Five soybean (Glycine max L. Merr.) cultivars were used in 
evaluating the symbiotic effectiveness of the isolates. Two of the 
cultivars were improved, yellow-seeded cultivars popular in Hubei 
province; a third was 'Peking', an unimproved black-seeded cultivar 
grown in PRC; and the remaining two were 'Davis' and 'Williams', 
commercial cultivars grown in North America. Several of the fast-
growing isolates tested were distinct from the previously reported 
fast-growers; a) they did not belong to any of the three serogroups of 
earlier reported fast-growers (Sadowsky et al., 1983); b) the host 
range for effective nodulation of these isolates was different from the 
earlier reported isolates (Keyser, 1982); and c) some of these isolates 
formed an effective symbiosis with all five cultivars. The isolates 
were more effective, however, on Chinese cultivars than on North 
American cultivars. Even though there was a significant cultivar-
strain interaction, one of the fast-growing isolates was as effective 
as strain USDA 110 on each of the test cultivars. The authors found in 
a soil under soybean cultivation for several years that the fast-
growing rhizobia were predominant, despite the presence of substantial 
numbers of slow-growing bradyrhizobia. 
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Establishment of rhizobial inoculants in the field 
In the Midwest, inoculation usually is not a practice followed by 
commercial soybean growers, except for soils where soybean is planted 
for the first time. An inoculation response is usually realized only 
when soils are devoid of native rhizobia (Abel and Erdman, 1964) 
because research has shown that it is difficult to displace the 
rhizobia once a native population becomes established (Ham et al., 
1971; Boonkerd et al., 1978; Ham, 1978). Often when effective N fixing 
strains of rhizobia are used as inoculants, the plants are nodulated by 
inferior, ineffective strains from the indigenous soil population. 
The rhizobial strains used as inoculants may not persist to form 
nodules on plants in the following seasons (Dudman and Brockwell, 1968; 
Meade et al., 1985). Several factors may influence the success of an 
inoculant per se; however, the two most important factors likely are 
the inoculum rate (amount of rhizobia added to the seed) and the 
abundance of native soil rhizobia capable of competing for nodule sites 
on the host. 
Weaver and Frederick (1974a) found in greenhouse experiments that 
the nodule number of soybean increased with increasing rates of B. 
iaponicum inoculants. They failed, however, to observe this trend in 
soils containing more than 1000 rhizobia g~^ soil. Because their field 
studies indicated the same results. Weaver and Frederick (1974b) 
suggested that, in order for the inoculant to form 50% of the nodules, 
the inoculum must be supplied at levels 1000 times the level of the 
indigenous rhizobial population. Ikram and Broughton (1981) measured 
the competitive ability of eight Bradvrhizobium isolates. When the 
native rhizobial population was 5 cells g~^ soil, the most competitive 
strain formed 90% of the nodules, but nodule occupancy was reduced to 
18% when the soil indigenous rhizobial population was 700 g~^ soil. 
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Thus, the competitive superiority of indigenous rhizobia over inoculant 
rhizobia partly can be explained by the native strains having a 
numerical advantage (Amarger and Lobreau, 1982). 
The ability of a rhizobial strain to adapt to prevailing soil 
conditions and to persist into subsequent growing seasons is an 
important consideration in selecting inocula (Brunei et al., 1988; 
Moawad et al., 1988). Brockwell et al. (1985) used antibiotic-
resistant strains to inoculate a soil free of B. iaponicum. In the 
first season, the antibiotic-resistant strain formed all the nodules; 
in the second and third years, when challenged with other derivatives 
of the same strain, the original inoculant was still present in the 
soil but was less competitive. Thus, Brockwell et al. (1985) 
hypothesized that the initial inoculant formed a large, dispersed 
population that occupied the available ecological niches and became 
adapted to the soil environment. Similar studies with other rhizobia 
have demonstrated that some inoculants can persist in soil without 
changing the nodulation patterns in their favor (Ellis et al., 1984; 
Lochner et al., 1989). In some instances, however, inoculants did fail 
to persist and were replaced by the indigenous rhizobial population 
(Dudman and Brockwell, 1968; Chatel and Parker, 1973). Thus, in order 
to predict the outcome of field-inoculation studies, knowledge not only 
of the size but also of the characteristics of the native rhizobial 
population is essential. 
Competition in the rhizosphere 
The rhizosphere is that part of the soil under the direct 
influence of the plant-root system (Rovira, 1978). It may extend up to 
2 cm from the root surface. Microorganisms including rhizobia compete 
for nutrients such as carbohydrates, amino acids, and vitamins that are 
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abundant in the rhizosphere. In order to initiate nodulation, rhizobia 
must multiply and attach to their host-plant roots in this active zone. 
Moawad et al. (1984) examined inner rhizosphere and nonrhizosphere 
soils for competition among three serogroups of B. iaponicum. They 
found a gradual increase in the population of each serogroup from 10^ 
g~^ to 10® g~^ in the rhizosphere soil during the first few weeks after 
planting soybean; whereas in nonrhizosphere soil, the population 
remained at 10^ gT^. There was no significant difference in the 
abundance of the three serogroups and serogroup 123, which occupied 60-
100% of nodules. Members of serogroup 123 showed no obvious dominance 
in the rhizosphere soil. Populations of all three groups remained in 
the rhizosphere during flowering and pod-fill. Hence, Moawad et al. 
(1984) concluded that the competitive success of serogroup 123 was not 
due to superior colonization of rhizosphere soil. Similar results were 
found by Robert and Schmidt (1985) in a study of Phaseolus vulgaris 
inoculated with R. phaseoli. The rhizosphere stimulated the growth of 
the inoculant strain, and the population then decreased rapidly but 
persisted into the next season. Trinick et al. (1983) showed that a 
Bradvrhizobium strain nodulating V. anquiculata produced larger 
rhizosphere populations than the fast-growing Rhizobium NGR 234 at high 
temperature. Hicks and Loynachan (1989) studied the rhizosphere 
populations of soybean in two soils in relation to their influence on 
nodule occupancy of serogroup USDA 123. They failed to see an 
influence of the rhizosphere organisms on the dominance of serogroup 
USDA 123 in forming soybean nodules. Collectively, these results 
indicate that it is difficult to predict the outcome of competition 
studies from information on the relative rhizosphere colonization of 
individual strains. 
11 
Chemotaxis and motility 
Rhizobia can move toward attractants (sugars) or away from 
irritants (antibiotics, bacteriocins), and motility has been studied as 
a possible factor in competition. Many researchers have investigated 
the best attractants for Rhizobium. R. meliloti was more attracted to 
amino acids than sugars (Burg et al., 1982). R. lupini exhibited 
greater chemotaxis toward carbohydrates (Goetz et al., 1982). R. 
lecfuminosarum was attracted to a large range of sugars as well as to 
two flavonoids (epigenin and luteolin) (Aguilar et al., 1988). 
Motility also was found to depend on pH, and to be enhanced by Ca^"*" 
ions and inhibited by Cu^* ions (Bowra and Dilworth, 1981). 
Soby and Bergman (1983) studied the chemotaxis and motility of a 
wild-type R. meliloti strain and its nonmotile mutant in different 
sterile soils. Spreading of the rhizobia throughout the soil required 
chemotaxis and motility, and mainly depended on the soil type and the 
water content. They found that motility was not essential for 
nodulation. In competition tests with its motile parental strain, 
however, the nonmotile mutant formed fewer nodules (Caetano-Anolles et 
al., 1985; Wadisirisuk et al., 1989). In a study with B. japonicum 
serogroup 110, Hunter and Fahring (1980) found that a nonmotile mutant 
formed only 20% of the nodules when inoculated with a motile parent in 
equal numbers in a vermiculite/sand mixture. In another study, using a 
nonmotile mutant of B. japonicum serogroup 127, Liu et al. (1989) 
determined that motility conferred no advantage in rhizosphere 
colonization. They did report that the nodulation success of the 
mutant was lower than the nodulation success of the wild-type under all 
test conditions. Hence, they suggested that motility was of limited 
importance to the competitiveness of a strain in nonsterile soil. The 
significance, if any, of motility might be in migration at the 
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immediate root surface in soils sparsely populated with rhizobial 
symbionts. 
Madsen and Alexander (1982) reported contrasting results on the 
movement of Rhizobium in soil. They detected rapid movement of 
rhizobia via percolation of water through channels created by worms and 
plant roots but slow movement through nonchannelled soil. Bergman et 
al. (1985) observed that chemotactic and motile mutants of rhizobia 
were attracted only to certain localized sites on the roots of legumes 
and, hence, they believed that chemotaxis and motility were important 
factors in competition, especially between motile and nonmotile 
strains. 
Rhizobial attachment 
Because binding is a crucial step in recognition between the macro 
and microsymbionts, rhizobial attachment to the legume-root surface is 
a topic of intense research. Lectins have been implicated in 
recognition and attachment (Bohlool and Schmidt, 1974). Lectins are 
glycoproteins found in plant seeds and roots that can bind to specific 
carbohydrate moieties. Host lectins can bind to the cell-surface 
polysaccharides from homologous as well as heterologous Rhizobium 
(Bohlool and Schmidt, 1974; Dazzo, 1980; Pueppke, 1983) . The Rhizobium 
produce these receptors at different stages of cell growth (Sherwood et 
al., 1984). This might explain nonspecific root-hair binding with some 
Rhizobium/legume combinations (Solheim, 1983), and lectin binding to 
heterologous Rhizobium strains (Pueppke et al., 1980). Dazzo and 
coworkers (1984) suggested a two-step model for R. trifolii root 
attachment: An initial nonspecific adherence followed by a specific 
polar attachment involving lectin, which seemed to be necessary for 
normal infection and nodulation. Recently the genes that encode for. 
13 
or control, the polysaccharide-receptor sites were located on the svm 
plasmid in R. trifolii (Dazzo et al., 1985). Furthermore, Dazzo et al. 
(1984) suggested that lectins might act as signals to Rhizobium. 
triggering nonreversible binding of rhizobia with fibrils and then 
root-hair curling and infection-thread formation. Currently, opinions 
on the importance of lectin in root-nodule formation are divided 
(Pueppke, 1983), and any function of lectins in competition is purely 
speculative. A thorough genetic analysis of these glycoproteins is 
necessary to understand more about the role of lectins in symbiosis. 
Bauer et al. (1985) observed another type of host—specific recognition 
mechanism. Presumably, this involved a cytokinin that was only 
secreted in the presence of the homologous root exudate and was 
effective only on the homologous host plant. 
Competition for nodule initiation 
The inherent diversity of rhizobia indicates great potential for 
competition among strains for attachment and nodule initiation. Some 
strains might have higher-affinity receptors for lectins than other 
strains, or higher 'competence' for root-hair attachment and nodule 
initiation. Robert and Schmidt (1985) reported that the highly 
competitive members of B. iaponicum serogroup 123 were not superior to 
the less-competitive members of serogroup 110 in lectin-binding 
properties. Possibly, rhizobia that can initiate infection and 
nodulation quickly and efficiently will have a competitive advantage 
over those that are slower. Several workers have reported the apical 
suppression of further nodulation by initial nodules in legumes 
(Singleton, 1983; Kosslak and Bohlool, 1984). Kosslak et al. (1983) 
also observed that the nodule occupancy of the less-competitive strains 
increased when less-competitive strains were inoculated before 
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competitive strains. Diatloff and Brockwell (197 6) reported that a 
strain of B. iaeonicum. that failed to nodulate a specific soybean 
cultivar, nevertheless prevented other strains of B. iaponicum in mixed 
inocula from nodulating the cultivar. Suppression of nodulation also 
was observed when a primitive pea cultivar was inoculated with its 
homologous Rhizobium and sown in fields in the Netherlands (Lie et al., 
1978) . Therefore, it is possible that factors affecting competition 
may be co-transferred on the svm plasmid into other Rhizobium strains. 
Genetics of nodule initiation in Rhizobium 
The genes involved in nodule initiation (nod) have been cloned, 
mapped, and sequenced (Long et al., 1982; Rossen et al., 1984; Torok et 
al., 1984) from various species. The nod D gene is a regulatory gene 
that acts in concert with a low-molecular weight compound from plant 
exudates to switch on the nod ABC operon (Rossen et al., 1984; Long et 
al., 1985; Kosslak et al., 1987; Honma et al., 1990). These genes were 
highly conserved among different Rhizobium species; they have been 
called "common nod" genes (Kondorosi et al., 1984) . 
The common nod genes have been used as hybridization probes to 
isolate similar sequences from diverse fast-growing rhizobia and slow-
growing bradyrhizobia (Subba Rao, 1984; Marvel et al., 1985). 
Effect of plasmids on competition 
Most fast-growing rhizobia harbor large plasmids (Nuti et al., 
1977; Prakash et al., 1981) . The symbiotic nod and nif genes are 
encoded on one plasmid that is usually referred to as the svm plasmid. 
The number and size of these plasmids vary among different isolates. 
Several authors have tried to correlate the presence of plasmids with 
saprophytic competence and competitive ability (Mathis et al., 1985; 
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Thurman et al., 1985). Thurman et al. (1985) reported that a 
correlation existed between high plasmid numbers and fast growth rates 
in pure culture for several R. trifolii strains. Mathis et al. (1985) 
demonstrated that a derivative of R. fredii. which had been cured of 
its svm plasmid, still retained the ability to nodulate and fix N 
because of multiple copies of nod and nif genes. The derivative was 
less effective, however, than the wild-type strain and caused delayed 
nodulation. 
Dejong et al. (1981) showed that some symbiotic traits such as the 
rate of N fixation, nodule number, and leaf area of the host could be 
altered by transferring different R. lecruminosarum svm plasmids into a 
standard reference strain. In some instances, however, the symbiotic 
ability was impaired in comparison with the wild-type strain. They 
also showed in subsequent studies (1982) that strains could be 
symbiotically improved in vivo by a recombinant-symbiotic plasmid, 
Brewin et al. (1980) conducted an extensive study to analyze the 
contribution of symbiotic plasmids to the competitiveness of R. 
lequminosarum strains. They transferred four different svm plasmids 
into three different recipient strains, each lacking svm plasmid-linked 
determinants. The svm plasmid had little effect on growth in the 
rhizosphere (which proved to be a strain-specific characteristic), but 
the svm plasmid did influence nodulation ability, and there was a 
significant interaction between plasmid and recipient strain. The best 
plasmid/strain combination was R. phaseoli strain carrying a R. 
lecruminosarum plasmid. 
Genetic exchange among rhizobia in soil 
Rhizobial strains, although generally assumed to be single 
unchanging entities, are diverse, and this implies that they likely are 
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changing entities. Broughton et al. (1984) reported that in a single 
100-m^ field planted to M. sativa. forty distinct R. meliloti strains 
were isolated from 100 plants selected at random. Hickey et al. 
(1987), in a similar study, sampled a 22.8-m^ area planted to soybean 
to evaluate B. "iaponicum serogroup 123 diversity. Thirty isolates that 
were collected from this small area differed in polyacrylamide gel 
protein patterns and in growth on arginine and succinate. The 
diversity evident among rhizobial strains in these studies perhaps was 
due to genetic recombination and or genetic exchange among rhizobial 
strains in soil. 
Three mechanisms of genetic transfer among Rhizobium strains have 
been demonstrated in the laboratory: transformation with naked DNA 
(Kiss and Kalman, 1982); transduction through phages (Finan et al., 
1984; Martin and Long, 1984); and conjugation (Johnston et al., 1978). 
Conjugation may be the most likely mechanism of gene exchange in the 
field because transformation and transduction transfer genes at very 
low frequencies and their biological significance in soil is not known. 
Most fast-growing strains of Rhizobium harbor symbiotic genes on large 
plasmids (Banfalvi et al., 1981; Broughton et al., 1984; O'Connel et 
al., 1984), and some of these plasmids are self-transmissible (Johnston 
et al., 1978; Hooykaas et al., 1981). Plasmids (inc PI) capable of 
chromosome mobilization can be transferred between different serogroups 
in the laboratory (Pilacinski and Schmidt, 1981). A plasmid location 
for symbiotic genes in B. iaponicum has not yet been detected 
(Broughton et al., 1985). 
Rhizobium plasmids are capable of genetic recombination, producing 
novel plasmids (Djordjevic et al., 1983; Schofield et al., 1987), as 
well as high frequency mobilization of nod genes (Brewin et al., 1980). 
Hence, genetic exchange could occur among rhizobia in the field, and 
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this exchange could be responsible for altered competitiveness and 
nodulation capacities of the recipient rhizobia. 
Macrosynblont and Nodulation Genes 
Legumes represent plants of 700 different genera and 14,000 
species. In many of these species, nodulation and N fixation have not 
been determined. Approximately 100 legume species are cultivated 
around the world on some 250 million ha (Paul and Clark, 1989). The 
exact origin of soybean is not clear, but it is believed to have 
originated in Asia and then to have spread throughout the world. 
Today, the USA, Brazil, and PRC produce over 90% of the world's 
soybean. 
The selective pressure that a host exerts for specific rhizobia 
from a mixed-soil population has been known for over 30 years (Vincent 
and Waters, 1953), yet study on the genetic basis of the selection has 
only been very recent (Materon and Vincent, 1980; Broughton et al., 
1982; Chandra and Pareek, 1985). 
In Trifolium repens» the inheritance of preference for a 
particular Rhizobium strain was additive (Hardarson and Jones, 1979), 
whereas in G. max it was related to a single gene (Materon and Vincent, 
1980) . These findings prompted several workers to breed plants for 
enhanced N fixation under field conditions (Barnes et al., 1985; 
Phillips and Teuber, 1985), and to develop genotypes that could 
differentiate among various indigenous rhizobial strains. Cregan and 
Keyser (1986) reported of unique soybean genotypes that restricted 
nodulation by serogroup 123. Further testing (Sadowsky et al., 1987b) 
with 20 field isolates of B. iaponicum serogroup 123 on these plant-
introduction (PI) genotypes revealed that four Pis had similar patterns 
of restrictive nodulation. These Pis would readily nodulate with USDA 
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110 but members of serogroup 123 would not readily nodulate. All 
field isolates of serogroup 123 tested were very competitiie against 
USDA 110 when grown on G,. max cv. 'Williams' . Recently, Cregan and 
Keyser (1988) reported that a wild-soybean genotype (PI 468397) also 
substantially reduced the competitive ability of B. iaponicum strain 
USDA 123 in relation to R. fredii strain USDA 193. Following a similar 
study with two Pis and three serotype strains of serocluster 123, 
Cregan et al. (1989) suggested that control of restricted nodulation 
and reduced competition by soybean Pis was highly specific and could 
discriminate among B. iaponicum strains even though the strains were 
serologically related. 
There have been over 30 plant proteins specifically expressed 
within nodules that have been characterized, and even more host genes 
have been implicated in nodule formation and function (Verma and Long, 
1983; Bisseling et al., 1986). But only a few of these genes have been 
identified by genetic and other means. In G. max and Trifolium 
pratense. four genes were found to control ineffectiveness in nodules 
(Meijer, 1982), whereas in M. sativa (Barnes et al., 1985) and P.. 
sativum (Kneen and LaRue, 1985), ineffectiveness was controlled by 
single recessive genes. Nodulation-resistant isolines have been 
developed for Arachis hypoqeae (Gorbet and Burton, 1979), G. max 
(Weber, 1969), P_. sativum (Kneen and LaRue, 1985), and Trifolium sp. 
(Nutman, 1969). These findings suggest that, by genetic manipulation, 
it is possible to control nodulating bacteria and, thereby, perhaps to 
increase N fixation in the host. 
Factors Affecting Competition 
Environmental factors affect the growth and development of both 
micro- and macrosymbionts. Because plants must develop a rhizosphere 
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to support rhizobial growth, as well as build a morphologically 
developed nodule to house the invading bacteria, any factor that 
adversely affects plant growth may have a profound effect on 
competition for nodulation. 
Soil type 
Soil serves as a reservoir for Rhizobium strains and, hence, the 
intrinsic makeup of soil could affect the outcome of competitive 
studies. Bowen and Rovira (1976) observed that the generation time of 
Rhizobium in soil without plants was estimated at 200 hr, as opposed to 
12 hr in the rhizosphere of legumes. In a similar study, Pena-
Cabriales and Alexander (1983) noted a 100-fold increase in the 
population of B. -iaponicum inocula in the rhizosphere of soybean but no 
increase in fallow soil. 
Even though Rhizobium numbers tend to be low in soil without 
legumes, the native rhizobia are well adapted to living as soil 
saprophytes. For example, the B. iaponicum serogroup 123 is widespread 
in the soils of the Midwestern United States (Damirgi et al., 1967; Ham 
et al., 1971; Berg and Loynachan, 1985). The ecology of Rhizobium 
within the soil environment has been extensively reviewed by Schmidt 
and Robert (1985). 
Nitrogen 
Combined N, especially nitrate, delays nodule formation (Gibson 
and Nutman, 1960). Herridge et al. (1984) grew soybean with high 
nitrate levels and inoculated them with an effective strain of B. 
iaponicum. They noticed that nodulation in inoculated plants occurred 
between 42 and 62 days after sowing, coinciding with a depletion of 
nitrate from the top of the soil profile. Rhizobium strains may not 
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respond equally to the presence of nitrate. For example, McNeil (1982) 
found that one strain of B. japonicum outcompeted another for 
nodulation sites only when the nitrate concentration was high. Thus, 
this strain presumably would have an advantage in soils that have high 
levels of nitrate. In contrast, Kosslak and Bohlool (1985) reported 
that the addition of nitrate did not affect the competitiveness of two 
serogroups of B. japonicum. 
Phosphorous 
Phosphate deficiency often limits dinitrogen fixation in legumes, 
particularly those legumes growing in acid, tropical soils (Freire, 
1984). Compounding the problem of low available P is the higher demand 
for P by symbiotic plants relative to those utilizing combined N. 
Growth of Rhizobium in pure culture under low P levels varies among 
strains (Beck and Munns, 1984; Mullen et al., 1988). Many studies 
conducted on the effect of P availability on rhizobial competition in 
soil suggest that P limitation in soil is exacerbated by low pH, and 
that the combination of pH and P levels can have a strong influence on 
competition for nodulation. 
Soil acidity 
Soil pH plays an important role in the survival and 
competitiveness of Rhizobium. Higher soil acidity usually is linked 
with higher A1 levels that often inhibit growth of the legume host 
(Franco and Munns, 1982); however, A1 appears not to affect the 
survival of rhizobia in soil (Hartel and Alexander, 1983). In liquid 
medium, a low pH inhibits nodulation by R. lecmminosarum, R. phaseoli, 
and Bradvrhizobium spp. (Franco and Munns, 1982; Hohenberg and Munns, 
1984) . Rhizobium strains sensitive to low pH nodulate more slowly than 
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acid-tolerant strains (Franco and Munns, 1982; Thornton and Davey, 
1983) . 
Many fast-growing rhizobia produce acid in culture media 
(Bromfield and Jones, 1980; Keyser et al., 1982; Sadowsky et al., 1983; 
Dowdle and Bohlool, 1985) . Norris (1965) observed an inverse 
relationship between the survival of rhizobia in acid soil and the 
amount of acid produced. Acid production, however, even among the 
slow-growers that normally increase the pH of the medium, depends on 
the sugars used as substrate (Tan and Broughton, 1981; Franco and 
Munns, 1982). Bromfield and Jones (1980) recorded a positive 
correlation between symbiotic effectiveness and final pH of the culture 
medium. They observed no correlation between the pH of the medium and 
the soil from which the isolates originated. 
Soil acidity can be neutralized by liming, which may improve 
nodulation and N fixation of legumes (Bromfield and Jones, 1980; Danso, 
1988) . Several workers in the Midwest have reported that members of B. 
iaponicum serogroup 123 formed the majority of nodules on G. max at low 
soil pH (< 6.5); whereas at higher pH (> 7.5), serogroup 135 was 
dominant (Damirgi et al., 1967; Ham et al., 1971; Weaver et al., 1972). 
The relative proportion of nodules formed by competitive strains of R. 
meliloti also was altered by changes in soil pH (van Rensberg and 
Strijdom, 1982; Dughri and Bottomley, 1983). Liming an acid soil may 
not always be best; for example, Russel and Jones (1975) inadvertently 
promoted nodule formation by ineffective strains when they neutralized 
soil acidity by liming. 
Temperature 
The ability of Rhizobium to persist and compete in soil depends on 
soil temperature, and strains differ in their response to temperature 
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(Boonkerd and Weaver, 1982; Hartel and Alexander, 1984). Chatel and 
Parker (1973) reported that R. trifolii inoculants failed to persist 
longer than one growing season in Western Australian soils because of 
the high soil temperatures in summer. 
Changes in temperature also can alter the outcome of competition 
between strains. Weber and Miller (1972) observed that different 
serogroups predominated in the nodules of soybean that were incubated 
at different temperatures in pots containing soil with a large 
population of native rhizobia. Roughly et al. (1980) used a mixed 
inoculant of Viqna rhizobial strains and B. iaponicum to nodulate a 
promiscuously nodulating cultivar of _G. max (cv. 'Malayan'). The Viqna 
rhizobia were competitive at higher temperatures (36 °C), whereas the 
B. iaponicum strain competed better at lower temperatures (24-30 °C) . 
The optimum rate of N fixation within the root nodule is 
influenced by temperature, depending on the Rhizobium strain involved 
in nodulation. Lotus nodulated by a fast-growing Rhizobium fixed 
dinitrogen optimally at lower temperature (12 °C) than Lotus nodulated 
by a slow-growing Bradvrhizobium strain (Pankhurst and Layzell, 1984). 
Thus, rhizobia can be selected for optimum N fixation or competitive 
abilities under the prevailing temperature conditions in the field. 
Moisture 
Rhizobium survival and competition also can be affected by the 
availability of moisture (Joshi et al., 1981; Osa-Afiana and Alexander, 
1982). Hartel and Alexander (1984) observed that Bradvrhizobium 
strains isolated from arid areas were more resistant to heat and 
desiccation than strains isolated from cooler, wetter regions. A study 
on the survival of two Viqna and two Arachis strains exposed to 
different soil moisture and temperature conditions, revealed that the 
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highest mortality rates were obtained when high temperatures were 
combined with extremes of high or low moisture (Boonkerd and Weaver, 
1982). Mahler and Wollum (1981) obtained a R. letniminosarum isolate 
from Tanzania, where drought is frequent, and found that the isolate 
was much more competitive under extreme drought stress than several 
European isolates. These findings suggest that the ability of 
Rhizobium strains to compete in dry soil may be inheritable. 
Salinity 
The effects of high salt (NaCl) concentrations on competition have 
received little study and are not well understood. The metabolism of 
rhizobia is altered by high salt concentrations, leading to increased 
levels of intracellular glutamate (possibly needed to maintain the 
ionic balance between the cell and the medium) (Hua et al., 1982; 
Yelton et al., 1983). Rai (1983) reported altered N fixation and 
glutamine synthesis among high salt-tolerant Rhizobium strains isolated 
from nodules of Lens and Pisum. In other studies, relatively low 
levels of salt inhibited nodule initiation in soybean split-root 
experiments (Singleton, 1983), suggesting that legumes are more 
sensitive than rhizobia to salinity. 
Chemical factors 
Herbicides and pesticides frequently are used in agriculture, and 
they may influence the outcome of inoculation trials. Kao and Wang 
(1981) reported that four herbicides studied did not prevent infection, 
but nodulation was delayed because of plant damage. They concluded 
that the herbicides had no effect on the survival of rhizobia but 
directly affected plant growth. 
Rhizobium are sensitive to some fungicides (Makawi and Abdel-
24  
Ghaffar, 1970; Gillberg, 1971), and plants that arise from fungicide-
treated seeds often show poor nodulation (Curley and Burton, 1975; 
Graham et al., 1980) . Some strains of Rhizobium are resistant to 
different levels of individual fungicides (Afifi et al., 1969; Faizah 
et al., 1980), and it should be possible to use resistant isolates as 
inoculants. Ruiz-Sainz et al. (1984) isolated laboratory mutants that 
were resistant to the fungicide Captafol. Resistant mutants were Nod" 
and had lost their symbiotic plasmid. Captafol resistance was 
independent of plasmid loss and, thus, other svm plasmids could be 
transferred into the mutant strain to restore its symbiotic ability, 
while the Captafol-resistance gene was maintained. This suggests a 
strategy for selection of desirable strains. 
Biological factors 
Bdellovibrio spp. are intracellular bacterial parasites that were 
first isolated from plant-pathogenic bacteria (Stolp, 1973). Some 
strains of Bdellovibrio are widespread in the soil and are capable of 
infecting and lysing large numbers of rhizobia (Parker and Grove, 
1970) . Keya and Alexander (1975) reported that high numbers of 
rhizobia in the soil lead to population increases in Bdellovibrio; 
however, these parasites had little influence on rhizobial competition 
and nodulation in the soil (Alexander, 1977). 
The decrease of Rhizobium populations because of predatory 
protozoa has been demonstrated in soil by Danso et al. (1975). Ramirez 
and Alexander (1980) reported that the use of pesticides suppressing 
protozoa promoted vigorous colonization of Phaseolus vulgaris by R. 
phaseoli. Further investigations are warranted to understand more 
about the involvement of protozoa in competition and regulation of 
Rhizobium abundance in soil. 
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Erwlnia herbicola, an epiphytic bacterium, is frequently found on 
the seeds of M. sativa. Handlesman and Brill (1985) developed a mutant 
of R. meliloti that nodulated slowly in the presence of E. herbicola 
but nodulated as quickly as the wild-type strain in the absence of the 
epiphytic bacterium. They suggested that E. herbicola might have 
suppressed the initial modulation of this R. meliloti mutant by toxin 
production or by blocking rhizobial-attachment sites on the root hairs 
of M. sativa. These types of interactions may be common in soil and 
directly or indirectly affect competition. 
Rhizobia, like most bacteria, are vulnerable to a range of lytic 
and lysogenic viruses. These viruses, usually referred to as 
bacteriophages, can be used in ecological studies to type strains 
(Lesley, 1982) . Schwinghamer and Brockwell (1978) demonstrated that 
lysogenic strains of R. trifolli. grown in sterile broth and peat 
culture, strongly suppressed the growth of sensitive strains. They 
believed that such strains would outcompete sensitive strains in the 
field environment. In other studies, the addition of virulent 
bacteriophages to paired homologous and nonhomologous strains of R. 
trifolii and B. iaponicum decreased the numbers of sensitive and 
homologous strains on the roots of clover and soybean, respectively, 
while favoring nonhomologous strains for modulation (Barnet, 1980; 
Hashem and Angle, 1988). There are several reports of pleiotropic 
effects on the symbiotic ability of rhizobia attributed to phage 
resistance or sensitivity (Ali et al., 1980; Stacy et al., 1984). 
These effects may be due to lipopolysaccharides, which are common sites 
of interaction between phage and bacterium and between bacterium and 
plant (Zajac and Lorkiewcz, 1983). It is difficult, however, from 
laboratory studies on antagonistic effects of bacteriophages to 
extrapolate to field responses. 
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In the field, clay particles or organic matter could alter phage-
Rhizobium interactions and reduce antagonisms (Roper and Marshall, 
1978)• Studies on the role of bacteriophages in the persistence and 
competition of Rhizobium in soil are inconclusive. Patel and Craig 
(1984) isolated from clover fields in New Zealand bacteriophages that 
were active against commercial inoculants of R. trifolii. Isolated 
also from these fields were resistant and partially resistant Rhizobium 
strains. In other field studies, no correlation was found between the 
number of R. trifolii and the number of bacteriophages capable of 
infecting individual rhizobial species (Lawson and Barnet, 1984). 
Barnet (1980) did not observe any effect of phage on the total number 
of rhizobia or the number of nodules formed when soil was inoculated 
with bacteriophages. 
Legumes commonly interact with the fungi Acaulospora. Gigaspora. 
Glomus, and Sclerocvtis to produce vesicular-arbuscular mycorrhizal 
(VAM) associations. VAM are obligate symbionts that provide usable 
phosphate to the plant in return for fixed C. In all studies examined, 
the lecrume/Rhizobium/mvcorrhiza tripartite association is more 
efficient than the association of any two of these partners alone 
(Barea and Aguillar, 1983). Kucey and Paul (1982) showed, in a study 
on C distribution in the Vicia faba symbiosis, that nodules on plants 
infected with VAM received twice as much fixed C as nodules on 
uninfected plants. There is no evidence to-date, however, that 
mycorrhiza influence competition among Rhizobium strains (Kosslak and 
Bohlool, 1985), or compete for Rhizobium infection sites (Subba Rao, 
1984) . 
Bacteriocins are specific, nonself propagating agents produced by 
one bacterium and antagonistic toward other bacteria. Bacteriocin-
producing strains are common among the Rhizobiaceae (Schwinghamer, 
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1975). Two major classes of bacteriogenic substances in Rhizobium are 
recognized: low-molecular weight, nonphage-like substances that 
diffuse readily in agar; and less diffusible, high-molecular weight 
proteins that resemble phage-tail fibers (Schwinghamer, 1975). In 
field isolates of R. lecruminosarum, both of these types of bacteriocins 
have been found (Hirsch, 1979). The genes encoding bacteriocin 
production are present on large plasmids, one of which also carried nod 
genes (Johnston et al., 1978). Hodgson et al. (1985) demonstrated the 
advantage of using a mixed inoculant of a highly effective strain 
(bacteriocin resistant) and a bacteriocin-producing strain. When a 
resistant and sensitive strain were used to inoculate Trifolium in 
glass tubes, the bacteriocin-resistant strain formed fewer than 10% of 
the nodules. When a bacteriocin-producing strain was added to the 
mixed inoculant, the resistant strain formed 75% of the nodules. 
Results were similar when the experiment was repeated in nonsterile 
soil with the above inoculants. 
Barta and Triplett (1985) reported that the competitiveness of an 
ineffective R. trifolii strain was related to the constitutive 
production of a bacteriostatic "antibiotic" against other rhizobia. 
Triplett (1990) was first to demonstrate recently a successful and 
stable transfer of genes involved in nodulation competitiveness to a 
symbiotically effective Rhizobium strain. He was able to insert 
trifolitoxin (a potent antirhizobial bacteriocin) genes by marker 
exchange into the genome of the effective strain R. lecruminosarum bv. 
trifolii TAl. Greenhouse studies revealed that this recombinant 
retained its symbiotic effectiveness and showed higher competitiveness 
for nodulation by suppressing the indigenous strain that was more 
competitive in the absence of this bacteriocin. 
These results point out that bacteriocin-like substances may play 
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important roles in competition among Rhizobium strains by altering the 
population of sensitive rhizobia in the rhizosphere. 
Strain Identification 
The identification of Rhizobium strains from the nodules becomes 
mandatory in studies designed to evaluate the competitiveness of 
specific inoculant strains and their effectiveness on the growth of the 
leguminous host. Current methods of assessing recovery of inoculant 
strains include immunological methods [agglutination, 
immunofluorescence, and immunodiffusion or enzyme-linked immunosorbent 
assay (ELISA)], antibiotic-resistance markers, phage typing, and 
genetic techniques. 
Serology 
Serological procedures are useful tools for identifying and 
characterizing Rhizobium strains (Kingsley and Bohlool, 1983; Dowdle 
and Bohlool, 1985) and for examining the ecology of rhizobia (Ham et 
al., 1971; Turco et al., 1986). 
In agglutination, the antigens are linked together by their 
corresponding antibodies. The reaction may be visible as clumps, 
agglutinates, or aggregates, either microscopically or macroscopically. 
Johnson and Means (1964) suggested an improved method involving somatic 
antigens where single nodules were crushed in saline and heated in 
boiling water for 30 min to denature heat-sensitive flagellar antigens. 
Oven-dried nodules have been found suitable for agglutination and 
immunofluorescence assays (Somasegaran et al., 1983). 
Immunofluorescence methods involve conjugation of Rhizobium 
antibodies developed in rabbits with a fluorescing chemical dye 
(fluorescein isothiocynate). Cells are viewed in smears through a UV-
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microscope for apple-green fluorescence. Immunofluorescence techniques 
were first used by Schmidt et al. (1968) for direct observation of 
bradyrhizobia in soils. Several researchers have employed the 
immunofluorescence microscopy technique to study the persistence and 
the competitive aspects of Rhizobium strains in soils (Berger et al. 
1979; Kingsley and Bohlool, 1983). Workers caution, however, that 
adsorption of the dye by soil particles may lead to under-estimation 
during enumeration studies. Lindemann et al. (1974) observed by using 
this technique nodules containing more than one serogroup of 
bradyrhizobia from doubly infected soybean nodules. 
Enzyme-linked immunosorbent assay (ELISA) is a recent technique 
used widely for serological characterization of legume-nodule occupants 
(Kishinevsky and Gurfel, 1980; Fuhrmann and Wollum II, 1985). Morley 
and Jones (1980) used a fluorescent substrate to increase the 
sensitivity of the enzyme-conjugated system. 
Serological methods, although used most extensively, also have 
disadvantages. The major limitations of these methods are the time and 
resources involved in the production of specific antisera, the lack of 
stable antigenic properties, and the nonspecific or shared antigens 
that cross-react during analysis. 
Antibiotic resistance 
When high-density inocula of rhizobia are introduced to media 
containing antibiotics, a few organisms may exhibit resistance as a 
result of genetic changes or mutations. The use of genetic markers for 
Rhizobium-strain identification was demonstrated under laboratory 
conditions with mutants that were resistant to high levels of 
antibiotics (Schwinghamer and Dudman, 1973; Pankhurst, 1977). Other 
reports indicate that resistance to some antibiotics may be associated 
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with reduced symbiotic effectiveness (Schwinghainer, 1968; Pankhurst, 
1977; Bromfield and Jones, 1980), decreased infectiveness (Zelanza-
Kowalska, 1971), or decreased competitiveness (Bromfield and Jones, 
1980). Hence, it is important that antibiotic-resistant mutants 
selected for inoculation experiments be evaluated for their 
infectiveness, competitiveness, and effectiveness compared with 
parental strains in symbiosis with the host plant. 
Streptomycin resistance is frequently used as a marker for 
rhizobia because these mutants are stable and rarely lose their 
symbiotic capacity (Schwinghamer, 1968). Schwinghamer reported that 
resistance to streptomycin by mutants was 50 times greater than 
resistance by wild-types, compared with an increase of only 3 to 5 
times greater for many other antibiotics. 
Several workers have demonstrated chromosomally encoded or 
plasmid-conferred intrinsic antibiotic resistance in Rhizobium. and 
have used this trait to identify rhizobial strains both in laboratory 
and field studies (Schwinghamer and Dudman, 1973; Josey et al., 1979; 
Kremer and Peterson, 1982; Mueller et al., 1988). Kremer and Peterson 
(1982) concluded from their studies that intrinsic antibiotic 
resistance in Rhizobium was a stable property, and results were 
reproducible over an extended period of time. In addition, they 
believed that, unlike mutagenesis, there are no cellular alterations 
with this method that would interfere with strain performance. Mueller 
et al. (1988) cautioned that the native rhizobia often express a high 
level of resistance to many antibiotics; hence, it is necessary to 
screen the native rhizobial populations of an area to be inoculated for 
intrinsic resistance before interpretation of recovery data following 
inoculation. 
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Phage typing 
Susceptibility to infection of bacteria by a particular 
bacteriophage is a genetically determined trait and constitutes the 
basis for a classification scheme known as phage-typing. For phage-
typing, usually a group of phages with different host-specificities is 
used. The rhizobia then can be placed into groups (lysotypes), 
depending on their susceptibility to some of the phages and not others. 
Thus, bacteriophage-marked rhizobia can be indirectly traced in soil. 
Several workers have used this technique to identify and 
characterize Rhizobium strains in laboratory and field experiments 
(Kowalski et al., 1974; Lesley, 1982; Hashem and Angle, 1988) . Phage-
typing is useful only if the inoculant strains are susceptible to a 
particular bacteriophage. Hence, this method can be highly specific or 
nonspecific depending on the phage susceptibility of a bacterium, and 
bacteriophage may not be available for a particular strain (Kowalski et 
al., 1974). 
Genetic techniques 
More recently, different genetic techniques have been used to 
identify and characterize Rhizobium strains; plasmid visualization 
(Prakash et al., 1981; Ning et al., 1986; Chan et al., 1988); DNA 
colony hybridization (Cooper et al., 1987); and restriction 
endonuclease digestion of DNA (Sadowsky et al., 1987a). Although these 
techniques offer potential advantages over immunological and 
antibiotic-resistance techniques by reducing cross-reactions and 
permitting studies with genetically unmodified strains, they are 
expensive and time consuming. Moreover, these techniques have not been 
used successfully in large-scale field trials. 
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SIDEROPHOBES 
Most aerobic and facultative anaerobic microorganisms have a high-
affinity, Fe-assimilation system that is expressed when the Fe 
concentration in their environment is less than about 1.0 JlM, or when 
the Fe is bound in a form unavailable to the cell (Neilands, 1981). 
This system consists of two parts: a) a soluble, relatively low-
molecular weight (500-1000 daltons), virtually ferric-specific ligand 
[termed siderophores (Gr: sider= iron; phore= bearer)], and b) the 
cognate membrane receptor and transport system for the Fe-laden form or 
the ferric-siderophore (Neilands, 1982). The generic term siderophore 
was first proposed by Lankford (1973) to denote the relatively low-
molecular weight carriers of ferric Fe(III). 
In the four decades since Waring and Werkman (1942) performed 
their elegant experiments on the Fe nutrition of bacteria, much 
progress has been made in understanding how microorganisms assimilate 
this mundane but biologically important metal. Although Fe ranks 
fourth in abundance among all elements on the surface of the earth, its 
availability is low in many environments. Both ferrous(II) and 
ferric(III) ions exhibit an exceedingly high affinity for hydroxy ions, 
with which they form insoluble complexes. The concentration of soluble 
ferric ions in an aerobic environment at near neutral pH is 
approximately 10"^^ M, a value too low to support microbial growth 
(Biedermann and Schindler, 1957). 
Iron Assimilation by Microorganisms 
Low affinity system 
Even with the low solubility of ferric ions, most microbes appear 
to have the ability to utilize ferric oxy-hydroxide polymeric forms of 
Fe. This pathway is designated "low affinity" because relatively high 
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levels of Fe, in the order of 10 |1M, are required to achieve maximum 
growth rates (Neilands, 1981). No specific solubilizing and 
transporting compounds (siderophores) or membrane receptors seem to be 
involved and, hence, very little is known about the basic features of 
this system (Neilands, 1982; Leong, 1986). 
High affinity system 
This system is comprised of two parts, namely, the siderophore and 
the cognate transport apparatus. Siderophores display considerable 
diversity in chemical structure, depending on the producing 
microorganism. Fungi generally produce siderophores with hydroxamate 
ferric-binding groups, whereas bacteria produce siderophores with 
catecholate ferric-binding ligands (Neilands, 1981) . The essential 
features of high-affinity Fe assimilation systems are depicted in 
Figure 1. At low levels of available Fe in the growth medium (less 
than 1 JIM) , the biosynthesis machinery for both siderophore and 
receptor is derepressed. Because ferric-siderophores (ferric-laden 
siderophore ligands) are usually too large to diffuse through the 
small, water-filled porin channels in the cell envelope of gram-
negative bacteria, active Fe transport is initiated by outer membrane 
receptor proteins for ferric-siderophores (Neilands, 1982; Braun, 
1985). The actual identification of a siderophore receptor protein, 
first achieved for ferrichrome (Wayne and Neilands, 1975), parallels 
earlier work on vitamin B12 transport in E. coli (Bradbeer, 1979), The 
synthesis of these receptor proteins is also induced by Fe-limiting 
conditions. 
Release of Fe from the ferric-siderophore complex probably 
proceeds by reduction because siderophores have little affinity for 
ferrous ions (Neilands, 1982; Hider, 1984). The Fe thus released then 
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Fig 1. Schematic representation of Fe assimilation in microorganisms. 
The high-affinity pathway consists of siderophores(circles), 
outer-membrane receptor proteins for ferric siderophores, and 
inner-membrane and periplasmic proteins. The Fe of the ferric 
siderophore if deposited in the envelope may be removed 
without processing of the ligand. If the whole complex is 
incorporated, then, ligand may be either reversibly or 
irreversibly (broken circles) processed. A negatively 
regulated system with a repressor protein, allowing 
transcription only under Fe-limiting conditions, appears to 
regulate the biosynthesis of siderophore and of the receptor 
protein (Neilands, 1981) 
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is incorporated into Fe-containing cellular constituents, where it may 
interact as ferrous Fe with a repressor protein to regulate the 
biosynthesis of the siderophore and the receptor protein for the 
ferric-siderophore (Hantke, 1984; Bagg and Neilands, 1985). 
Siderophores in Soil 
The ecological interest in soil of siderophores produced by both 
fungi and bacteria is increasing. The research on bacterial 
siderophores is linked to investigations on the inoculation of plant 
seeds with fluorescent Pseudomonas spp. that produce siderophores, 
suppressing deleterious microbes in the root zone (Leong, 1986). 
Research interests in soil fungal siderophores involve their role in 
the acquisition of Fe by plants (Bossier and Verstraete, 1986b). 
The concentration of siderophores in soil, mainly of fungal origin 
as determined by bioassays, ranges from 20-200 Jig kg~^ soil (Akers, 
1981; Powell et al., 1983; Bossier and Verstraete, 1986a, b). 
Siderophore production by microbes mainly is influenced by the 
availability of organic substrates. Bossier and Verstraete (1986b) 
demonstrated this effect under field conditions by using increasing 
amounts of N fertilizer in meadows. The siderophore concentration was 
increased with increasing amounts of N fertilizer applied, which in 
turn stimulated grass production. Under laboratory conditions, 
siderophore production also was positively correlated with the amount 
of organic substrates added to soil. 
In addition to the amount of substrate available for 
microorganisms, the nature of the substrate is important. Bossier and 
Verstraete (1986b) showed that L-ornithine, when added to soil together 
with a sugar source, stimulated siderophore production more than did 
D-ornithine or L-lysine. Apparently, the L-ornithine, and not D-
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ornithine or L-lysine, is used for synthesizing the trihydroxamate 
siderophores of microbial origin. The ectomycorrhizal fungus Boletus 
edulis, however, did not respond to L-ornithine by increased production 
of siderophores (Szaniszlo et al., 1981). The precursor effect of L-
ornithine might depend on the microorganism and type of siderophore 
being produced. Hence, the precursor effect of L-ornithine might vary 
from soil to soil because of differences in microbial composition, 
Siderophore production can be completely inhibited if Fe 
concentrations are high because an inverse relationship exists between 
Fe concentration and siderophore production. Bossier and Verstraete 
(1986b) reported that the production of siderophores increased when 
ethylenediamine-dihydroxyphenylacetic acid (EDDA) was added to soil. 
They postulated that Fe became less available by EDDA chelation, and 
the growing biomass responded by producing more siderophores. Yet, 
these authors reported considerable siderophore production in certain 
soils even at pH values as low as 4.6 and concentrations of 
ethylenediaminetetraacetic acid (EDTA) extractable Fe as high as 966 
ppm. This strongly indicates that Fe extractability is not the only 
factor determining siderophore production in soil. 
Other factors that may influence the levels of siderophore 
production by microbial biomass in soil are the diffusion rate of 
siderophores and the adsorption of siderophores to the soil-humus 
complex. Siderophore production in soil was inversely correlated with 
water activity (Bossier and Verstraete, 1986b). These authors observed 
that siderophore production, with addition of C and N sources to the 
soil, was more than three times higher in dry soil than in wet soil. 
They believed that the Fe flux to the growing microbial biomass was 
decreased because of decreased diffusibility of the siderophores in the 
dry soil, which stimulated siderophore production. An alternative 
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explanation is that fungal growth was favored more than bacterial 
growth in dry soil, resulting in a higher fungal/bacterial siderophore 
ratio. 
Powell et al. (1980) reported that residual siderophores could be 
extracted from soil even after 10 consecutive extractions. This 
suggests that a considerable reservoir of humus-bound siderophores is 
present in soil. They also determined that an equilibrium was present 
between water-dissolved siderophores and humus-bound siderophores. 
This equilibrium was dependent on soil type and varied with the soil-
water ratio. The influence of adsorbed siderophores on siderophore 
production is difficult to determine. Reid et al. (1985) demonstrated 
that siderophores adsorb strongly to the soil-humus complex but, when 
the siderophore becomes Fe saturated, it has less affinity for the 
soil-humus complex and, thereby, increases the availability of ferric-
siderophores to microbes in soil. Differences were noted between types 
of siderophore. The ferrated-ferrichrome type (with neutral charge) 
appeared to diffuse better in the soil than the positively charged 
ferrated-ferrioxamine type. 
Iron assimilation by plants through siderophores 
Several authors strongly suggest that siderophores present in soil 
may serve as Fe sources for plant growth (Page, 1966; Neilands, 1979; 
Szaniszlo et al., 1981; Becker et al., 1986). Generally, plants may 
acquire Fe from microbial chelates by three different mechanisms 
(Szaniszlo et al., 1985): a) a shuttle mechanism whereby Fe is taken 
up after the extracellular dissociation of the ferrated chelate 
(chelates may serve to increase the mass flow of Fe from Fe 
precipitates to the plant roots); b) a direct-removal mechanism whereby 
Fe is removed directly at receptors on the plasmalemma; and c) a 
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carrier-pemease mechanism whereby the intact Fe chelate is taken up. 
When plants use only the shuttle mechanism to acquire Fe from 
microbial siderophores, the plants are less likely to become chlorotic, 
provided that the molar concentration of siderophores does not exceed 
the total amount of Fe in the soil solution. If the siderophore 
concentration exceeds the total Fe concentration, plants will be Fe 
deficient and chlorosis will develop. Plants using the direct-removal 
and the carrier-permease mechanisms to acquire Fe from siderophores do 
not become chlorotic, even when siderophore concentration exceeds the 
Fe concentration, assuming that there is sufficient Fe in solution for 
normal plant development. 
Cline et al. (1984) differentiated between Fe-efficient and 
Fe-inefficient plant genotypes on the basis of their ability to use 
siderophores to acquire Fe. Iron-efficient genotypes increase the 
solubility of inorganic ferric ions by secreting H ions and phenolic 
reductants in response to Fe-deficiency stress. This facilitates the 
reduction of protonated ferric chelates and the subsequent release of 
ferrous ions (Romheld and Marschner, 1983). Bienfait et al. (1982, 
1983) reported a significant increase in the activity of plasma 
membrane-bound "reductase" in such plants. Iron-efficient genotypes 
use other than the shuttle mechanism to obtain Fe from siderophores, 
whereas Fe-inefficient genotypes use only the shuttle mechanism 
(Szaniszlo et al., 1985). Apparently, not all siderophores serve 
equally well as an Fe source for plants. Much evidence indicates that 
the acquisition of Fe by plants from microbial siderophores is 
siderophore-specific (Romheld and Marschner, 1983). 
Plants do not depend entirely on microbial siderophores for Fe 
acquisition. Monocotyledon plants, especially grasses, have their own 
high-affinity, Fe-uptake system. This system involves the production 
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of phytosiderophores, such as mugineic acid (barley), avenic acid 
(oats), or 2'-deoxymugineic acid (wheat) (Sugiura and Nomoto, 1984), 
and a specific transport system for ferrated phytosiderophores that is 
present in the plasma membrane (Romheld and Marschner, 1986). No 
information is available to indicate the importance of this mechanism 
in low-Fe soil, but phytosiderophores, like microbial siderophores, are 
easily decomposed by soil microorganisms (Warren and Neilands, 1965; 
Romheld and Marschner, 1986) . 
Bacterial siderophores 
Pseudomonas spp. are known to produce siderophores of the 
hydroxamate class and, depending on the source, their siderophores have 
been named ferribactin, pyoverdine, pyochelin, or pseudobactin 
(Kloepper et al., 1980b). Most work on bacterial siderophores in soil 
involves fluorescent Pseudomonas spp. that produce yellow-green 
fluorescent siderophores called pyoverdines, which may play an 
important ecological role in soil. Demange et al. (1985) elucidated 
the structures of several pyoverdines, and found them to be very 
similar to pyoverdine Pa (produced by 2- aeruginosa) and pseudobactin 
(produced by Pseudomonas BIO) (Teintze et al., 1981; Wendenbaum et 
al., 1983). The presence of pyoverdines in soil has been demonstrated 
by using siderophore-negative mutants of Pseudomonas spp. (Teintze and 
Leong, 1981). A systematic study on the influence of environmental 
factors on the production of pyoverdine compounds has not been done 
to date. Meyer and Abdallah (1978) observed an inverse relationship 
between Fe content of the medium and the amount of pigment synthesized. 
Iron starvation also was found to induce the synthesis of membrane 
proteins involved in the uptake of ferric-siderophore complexes 
(Deweger et al., 1986). These outer-membrane proteins appeared to 
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differ from one strain to another, and most strains were able to 
incorporate Fe chelated by their own pyoverdine but not Fe chelated by 
other pyoverdines (Deweger et al., 1986). 
The importance of bacterial siderophores in serving as Fe sources 
for plant growth is not clear. Some workers reported no growth-
promoting effects after amending soil with ferric-pseudobactin (Klopper 
et al., 1980a; Becker et al., 1985). Other researchers, however, 
reported that growth and dry matter of plants increased significantly 
after treatment with suspensions of fluorescent pseudomonads containing 
the Fe-pigment complex (Iswandi, 1986; Schippers et al., 1986). 
Iswandi (1986) reported that 16 of 50 Pseudomonas strains were 
beneficial to plants grown in sterile sand, but 9 of the 16 strains 
failed to stimulate plant growth when tested in nonsterile soil. These 
strains probably lacked the ability to compete with the indigenous soil 
microflora in colonizing the plant root. On the other hand, additional 
factors may be involved; for example, production of plant-growth 
promoting hormones such as auxins and gibberellins are known to be 
produced by certain fluorescent pseudomonads (Wehrli and Staehelin, 
1971; Stone and Stominger, 1972), or production of a phosphate-
solubilizing compound has been reported for Pseudomonas putida (Grimes 
and Mount, 1984). 
Some fluorescent pseudomonads exhibit jji vitro antibiosis against 
other microorganisms when grown on low Fe-containing media (Kloepper et 
al., 1980a). Iswandi (1986) reported that the inhibitory effect of a 
fluorescent Pseudomonas sp. isolated from soil was highly pronounced 
against fungi in a culture medium without Fe. The inhibitory effect 
was reduced or disappeared completely when the culture medium was 
supplemented with 5 ppm ferric Fe. This, and other reports, suggest 
that fluorescent pseudomonads produce siderophores in Fe-deficient 
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conditions that, at least in vitro, are responsible for antibiosis by 
depriving other microorganisms of Fe (Hemming et al., 1982; Vandenbergh 
et al., 1983). Several workers have presented evidence for a possible 
antibiotic effect of fluorescent siderophores in soil. The addition of 
Pseudomonas BIO or pseudobactin to soils that were conducive to take-
all disease or Fusarium wilt of wheat rendered the soils suppressive to 
these diseases, but the addition of ferric-pseudobactin did not reduce 
the incidence of disease (Kloepper et al., 1980b). In a similar study, 
Scher and Baker (1982) noted that Fusarium wilt pathogens in soils were 
completely suppressed by adding Pseudomonas putida or EDDA. These 
observations suggest that competition for Fe likely is responsible for 
the suppressiveness. Because each Pseudomonas sp. produces a specific 
siderophore and each fungal strain has a different sensitivity toward 
these siderophores, certain Pseudomonas strains may have a strong 
inhibitory effect on one fungal strain and no affect on another. Iron 
siderophores may be involved in the transport of Mo (Patel et al., 
1988; Saxena et al., 1989). Patel et al. (1988) observed a decreased 
production of a catechol-type siderophore by an Fe-depleted culture of 
cowpea Rhizobium when the concentration of Mo in the growth medium was 
increased above 1 mM. The involvement of siderophore in the transport 
of Mo was demonstrated by a significant increase in the uptake of Mo in 
the presence of ferric Fe. Thus, the authors suggested that the cowpea 
Rhizobium had developed a common mode of scavenging both Fe and Mo from 
their surroundings. 
Siderophore Production in Rhizobium 
Iron acquisition by Rhizobium spp. is essential for N fixation by 
the Rhizobium-lequme symbiosis. Rhizobia are dependent on their plant 
host to supply Fe during the invasion of plant roots via infection 
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threads and later, during nodule development, as an intracellular 
symbiont. Bacteroides, the intracellular forms of rhizobia, 
undoubtedly need an additional supply of Fe because Fe is a component 
of nitrogenase and hydrogenase, and other rhizobial enzymes, is also 
essential for synthesis of the heme proteins of leghemoglobin. 
Little is known about Fe acquisition by rhizobia. Rioux et al. 
(1986a, b) reported that anthranilic acid was used as a siderophore in 
free-living R. lequminosarum. and these authors were the first to 
report a link between a rhizobial-Fe acquisition system, symbiotic N 
fixation, and leghemoglobin formation. Nadler et al. (1990), through 
nitrosoguanidine mutagenesis, developed an ineffective mutant of R. 
lequminosarum defective in Fe acquisition. Nodules formed by the 
mutant were small and white, and lacked the characteristic red 
pigmentation of leghemoglobin. This suggested that the heme required 
for leghemoglobin production was not being formed because of the lack 
of Fe. 
Rhizobactin, an ethylenediamine-based siderophore from R. meliloti 
DM4, was extracted and characterized by Smith and Neilands in 1984. 
Structural analysis of this compound by mass and nuclear magnetic 
resonance spectroscopic techniques indicated that it was not a member 
of either the catechol or hydroxamate-type families of siderophores 
(Smith et al., 1985). Results indicated that rhizobactin utilization 
by R. meliloti was strain specific. 
Transposon mutagenesis 
The genetic analysis and manipulation of bacteria and the 
molecular cloning of prokaryotic genes have been greatly facilitated by 
the use of antibiotic-resistance transposons (Kleckner et al., 1977). 
Transposons are specific DNA segments with the ability to move as a 
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unit in a random fashion from one genetic locus to another (Cohen and 
Shapiro, 1980; Tait et al., 1983). Several workers have successfully 
isolated different mutants of Rhizobium by using transposon mutagenesis 
(Beringer et al., 1978; Meade et al., 1982; Kim et al., 1988; Liu et 
al., 1989). A major advantage of transposon insertion is that the 
recipients are 'marked' both genetically and physically by inactivation 
of the gene function and insertion of an antibiotic-resistance gene for 
subsequent detection and mapping. To use a transposon as a mutagenic 
agent, a replicon is needed that can carry the transposon and can 
insert efficiently into the organism to be mutagenized. Several 
workers have used suicide-plasmid vehicles as a broad host-range-
mobilization system for insertion of transposons (Selvaraj and Iyer, 
1983; Simon et al., 1983). These transposon-carrying replicons are 
broad host-range plasmids that can utilize any gram-negative bacterium 
as a recipient for conjugative DNA transfer. The mobilizable vectors 
are unable to replicate in strains outside the enteric bacterial group. 
Hence, they are frequently used for transposon mutagenesis in 
Rhizobium. where they can be easily mobilized but not stably 
maintained. 
Detection of siderophores 
Several methods are available to detect functional groups of 
siderophores. The catechol type is detectable by colorimetric assays 
(Arnow, 1937); and the hydroxamate type by the Csaky test (Csaky, 
1948), the absorbance of Fe complexes (Atkin et al., 1970), or the 
competition for ferric ions by a colored ferric complex (Arnold and 
Viswanatha, 1983) . The detection of phytosiderophore and rhizobactin 
is extremely tedious because these chelators lack specific moieties for 
chemical assay, and their complexes are only weakly colored in the 
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visible region of the spectrum (Sugiura and Nomoto, 1984; Smith et al., 
1985). 
Recently, Schwyn and Neilands (1987) developed a highly sensitive 
chemical method for the detection of siderophores. This assay is based 
on the affinity of siderophores for ferric ions and, hence, is 
independent of structure. The assay consists of a ternary complex of 
chrome azurol S/ferric and hexadecyltrimethylammonium bromide (CAS-
HDTMA) as an indicator. When a strong chelator, such as a siderophore, 
removes the Fe from the dye, the dye turns from blue to orange. 
Determination of siderophores in solution, and their characterization 
by paper electrophoresis chromatography can also be performed directly 
on culture supernatants by using this sensitive assay method. The 
method is applicable to agar plates, and orange halos around colonies 
on Blue-Agar medium are indicative of siderophore excretion. 
Blue-Agar medium (CAS) has been successfully used to detect 
siderophore production in JE. coli. R. meliloti. and their mutants 
(Schwyn and Neilands, 1987), and in wood-decaying basidiomycete fungi 
(Fekete et al., 1989). The Blue-Agar medium, however, is not suitable 
for growing gram-positive bacteria and is not suitable for growing some 
slow-growing bradyrhizobia because of their sensitivity to HDTMA, a 
detergent present in the medium (Schwyn and Neilands, 1987). 
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ABSTRACT 
Native Bradvrhizobitim iaponicum occupy the majority of Midwest 
soybean rGlycine max (L.) Merr.] nodules in spite of inoculation with 
more effective bradyrhizobia. The objective of this study was to 
determine whether three fast-growing strains, obtained from soybean 
fields of China, could displace more competitive but less effective 
native strains from the nodules of commonly grown Iowa-soybean 
cultivars. Before introducing these nonnative organisms into Iowa 
soils, we evaluated their effectivity under greenhouse conditions 
compared with USDA 110 and USDA 123 strains. There was a dominant 
Strain-by-cultivar interaction, and two of the three fast-growers were 
as effective in N fixation as USDA 123, but were less effective than 
USDA 110. Furthermore, we evaluated their competitiveness in the 
greenhouse against native bradyrhizobia in six different soils. Nodule 
occupancy by the fast-growers ranged from 1.5 to 38.7%. Results 
indicated cultivar-by-soil, strain-by-soil, and soil-by-strain-by-
cult ivar interactions, perhaps reflecting the heterogeneity in the 
population of native serogroup 123 members present in these soils. For 
field tests, two separate sites were selected each year in the summers 
of 1987 and 1988. Each of the three strains was introduced into soils 
at approximately 10® viable cells cm~^ row. Nodule occupancy over the 
four site-years on Corsoy 79 and Williams 82 soybean cultivars ranged 
from 3.8 to 13.3%. Both cultivars produced higher yields with added N 
fertilizer compared with control plots, which indicated that the native 
bradyrhizobia were not fixing all the N required by the plants for 
maximum growth. The saprophytic survivability of Chinese fast-growers 
in the field soils was tested 2 and 3 yr after inoculation and was 
based on nodule occupancy in the greenhouse of field-collected soil. 
Chinese fast-growers isolated from nodules were identified by their 
73 
acid production on an artificial medium, and the reliability of this 
method was verified by comparing restriction fragment length patterns 
(RFLP) of plasmid DNAs of test and reference strains. The nodule 
occupancies by the fast-growers on Williams 82 ranged from 8.6 to 13.3% 
and 4.4 to 11.3%, 2 and 3 yr after inoculation, respectively. Thus, 
the fast-growers were able to persist reasonably well in soil as 
saprophytes. 
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INTRODUCTION 
In Midwestern soils, 60-80% of the nodule isolates of soybean 
[Glycine max (L.) Merr.] usually belong to serogroup 123 (Ham, 1980; 
Keyser et al., 1984; Berg et al., 1988). Unfortunately, serogroup USDA 
123 fixes 20 to 30% less N than members of other serogroups, even 
though they are extremely good competitors for nodule sites (Ham et 
al., 1971). 
In addition to yield contributions by improved stains, finding 
ways of displacing the less effective bradyrhizobia and replacing them 
with more effective organisms is important for two reasons: First, 
there is a great concern with the quantities of N fertilizers that are 
being applied and their ill-effect on groundwater quality. Evidence in 
the Midwest suggests that as little as only one-third of the N in 
soybean comes from N fixation (Ham et al., 1971). If the quantities of 
N applied on corn are reduced, this likely will reduce N carryover to 
the following crop of soybean; hence, soybean will be forced to fix a 
higher percentage of its required N. Under these conditions, more 
effective strains of bradyrhizobia likely will be needed just to 
maintain current yields. Second, the organic N provided in a corn-
soybean rotation by symbiotic fixation presumably is less likely to end 
up in groundwater because of the slow-release properties of fixed N. 
Thus, ways to maximize N fixation by identifying superior and more 
competitive strains is crucial for providing more N for the following 
year's crop. 
Dowdle and Bohlool (1985) obtained a series of new isolates from 
The People's Republic of China. These strains were different from 
strains studied before 1985 because they were fast-growers that could 
nodulate and fix N effectively with improved North American cultivars 
of soybean. Fast-growers are unique because they have a svm plasmid 
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that harbors symbiotic genes (Heron and Pueppke, 1984; Barbour et al,, 
1985). Because the symbiotic genes are all located on one plasmid, 
genetic manipulation is greatly facilitated. The Chinese strains have 
doubling times of 2-3 hrs vs. 8-10 hrs for the Midwestern slow-growers. 
A faster growth rate may provide an advantage in competing against the 
native slow-growing bradyrhizobia for nodule occupancy. The fast-
growers produce acid in laboratory media, which perhaps is a stable 
trait that can be used as a marker to identify these bradyrhizobia in 
field trials. 
Considerable information is available on nodulation (nod) and N 
fixation (nif) genes of soybean rhizobia (Sadowsky and Bohlool, 1983; 
Appelbaum et al., 1985; Hennecke et al., 1985). The factors 
controlling competition and the gene(s) for competitiveness, however, 
still are not well understood (Dowling and Broughton, 1986). 
This research evaluated the symbiotic effectiveness and 
competitiveness of three Chinese fast-growers, both under greenhouse 
and field conditions. Furthermore, the validity of acid production by 
the fast-growers as a marking technique was verified by comparing the 
restriction fragment length patterns (RFLP) of plasmid DNAs of the 
isolates after 3 yr of survival, in the field. 
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MATERIALS AMD METHODS 
Greenhouse Study 
Three strains of Chinese fast-growers, along with USDA 110 and 
123, were tested in the greenhouse for symbiotic effectiveness on three 
North American commercial cultivars (Corsoy 79, Hardin, and Williams 
82) and on an experimental line (L4104) developed by Land O'Lakes, 
Inc., Fort Dodge, lA. 
Chinese strains HH 003, HH 102, and HH 103 were obtained from Dr. 
Ben Bohlool, University of Hawaii. USDA 110 and USDA 123 were provided 
by the Nitrogen Fixation and Soybean Genetics Laboratory (USDA, 
Agricultural Research Service, Beltsville, MD). 
Two surface-sterilized, pregerminated seeds were planted per 0.9-L 
styrofoam cup in a modified Leonard jar apparatus containing sterile 
vermiculite. Cells were added at log 8 to each cup, except for 
controls. Sterile distilled water and nutrient solution (Hoagland's N-
free) were provided as needed. Plants were harvested after 5 wk. 
Nodule number and plant dry weight of the five replications for all 
four cultivars were determined, and total nitrogen (Kjeldahl) was 
measured for Corsoy 79 and Williams 82. 
A similar experimental arrangement was used in a second study to 
evaluate the competitiveness of the Chinese rhizobia against native 
strains in a Webster soil (fine-loamy, mixed, mesic Typic Haplaquoll), 
a common soil in northcentral Iowa. The soil was collected from the 
field and was mixed 60% soil to 40% sterile sand (by volume) to improve 
drainage. The Chinese rhizobia at two populations, log 5 and log 8, 
were added to the four cultivars studied previously. All treatments 
were replicated five times and arranged in a completely randomized 
block design on the greenhouse bench. The plants were harvested after 
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5 wk. Nodules were surface sterilized for 3-6 itiin (depending on the 
size of the nodule) in successive baths of 5% sodium hypochlorite, 95% 
ethanol, and four washes of sterile water. Sixteen nodules were 
randomly picked from each plant and typed according to the methods of 
Lieberman et al. (1986) on YMA agar medium amended with BTB (bromthymol 
blue) and 20 p.g actidione mL~^ (Sigma Chemical Co., St. Louis, MO). 
The identification of acid-producing fast-growers was possible by 
scoring for yellow colonies on the blue-colored YMA agar medium. 
A third greenhouse study was conducted to test the competitive 
patterns of Chinese rhizobia against members of native serogroup 123 
present in different soils of Iowa. Soils were collected from six 
locations and characterized chemically (Table 1) by the Iowa State 
University Soil Testing Laboratory (Ames, lA). The native 
bradyrhizobial populations were estimated by the most-probable-number 
(MPN) method (Weaver and Frederick, 1972). The 0.9-L styrofoam cups 
were filled with a soil; sterile-sand mixture (60:40 by volume), and the 
experiment was conducted in the greenhouse under similar conditions as 
in the previous studies. Cells were added at log 8 to all treatments, 
except for controls. Surface-sterilized and pregerminated seeds of 
Corsoy 79 and Williams 82 cultivars were grown for 5 wk in the 
greenhouse under natural lighting, and sterile distilled water and 
nutrients were provided as needed. Nodule occupancy and shoot dry 
weights of the five replications were determined as previously 
described. Nodules from control plants also were tested for the 
presence of fast-growers. 
Field Study 
The field studies were conducted at four locations, two each year in 
1987 and 1988 (Table 2). Sites were located at the Agronomy and 
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Table 1. Native bradyrhizobial populations and properties of soils 
used for evaluating competitiveness of Chinese rhizobia in 
the greenhouse 
Soil* County MPN'' pH° OM® pC Zn= S= 
Canisteo Carrol 5.8 7.8 50 24 96 9 4 
Dinsdale Butler 5.6 6.4 34 14 89 5 2 
Ladoga Warren 4.5 6.6 26 19 90 3 1 
Nicollet Boone 5.7 6.5 40 44 122 6 5 
Nicollet Story 5.8 6.7 38 39 112 8 3 
Webster Boone 6.0 6.3 42 56 143 4 7 
^Canisteo is a fine-loamy, mixed, (calcareous) mesic Typic 
Haplaquoll with clay loam texture; Dinsdale is a fine-silty, mixed, 
mesic Typic Argiudoll with silty clay loam texture; Ladoga is a fine-
silty, mesic Typic Haplaquoll with silty clay loam texture; Nicollet is 
a fine-loamy, mixed, mesic Acc[uic Hapludoll with loam texture; Webster 
is a fine-loamy, mixed, mesic Typic Haplaquoll with clay loam texture. 
^MPN = most probable number (log cells g~^ oven-dry soil). 
°pH was 1:1 soil to H2O; organic matter (g kg~^) was by the 
Mebius method; available P (mg kg~^) was by Bray PI, available K (mg 
kg"!) was by 1 M NH^OAc extraction, Zn (mg kg" ) was by DTPA 
extraction, and S (mg kg~^) was by Ca (H2P0^) 2 extraction. 
Agricultural Engineering Research Farm (Nicollet and Webster soil 
series) east of Boone, lA. The soybean cultivars, Corsoy 79 and 
Williams 82, were planted in four-row plots, with 8-m rows and 76-cm 
row spacings. All plots were hand-seeded with a cone planter (Planter 
Junior, Urbana, IL) fitted with a Gandy box (Owatonna, MN) to 
facilitate a uniform distribution of seeds and inoculum. The Chinese 
strains, formulated in granular-peat inocula (ca. 10® cells g~^ 
inoculum) by the Nitragin Company (Milwaukee, WI), were applied at 6 g 
of inoculum per 10 m of row. Two Gandy boxes were used so that 
planting could be hastened by allowing one box to be disinfected with 
ethanol and air-dried while the second box was used to plant the next 
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Table 2. Native bradyrhizobial populations and characteristics of 
soils used for the field competition evaluation of Chinese 
rhi^fobia 
Soil 
series® 
Year Surface 
texture 
MPN^ pH« 0M= K= pC 
Nicollet 1987 clay loam 5.4 6.6 31 101 32 
Webster 1987 clay loam 
0
0
 m
 6.3 45 160 61 
Nicollet 1988 clay loam 5.2 6.8 28 128 46 
Webster 1988 clay loam 6.0 6.2 38 178 76 
^Nicollet is a fine-loamy, mixed, mesic Acquic Hapludoll; and 
Webster is a fine-loamy, mixed, mesic Typic Haplaquoll. 
^MPN = most probable number (log cells g~^ oven-dry soil). 
Gpor methods used and units of measurement, see Table 1. 
treatment. Each plot was surrounded by a 1.5-m border, and plots were 
hand-hoed and rototilled as required for weed control. 
The treatments included three Chinese strains, a noninoculated 
control, and a N control that received 165 kg N ha~^ as urea at 
planting in 1987; and 330 kg N ha~^ in a split-application in 1988, one 
application at planting and one application at flowering (Rl). The 
five treatments for each year-site combination were established in a 
completely randomized block design with five replications. 
At the Vg and Rg growth stages in 1987 and the Vg growth stage in 
1988, 10 plants were selected at random from each plot from the 1st and 
4th rows and removed for determining the nodule occupancy of the 
introduced rhizobia. Roots with intact nodules were placed in sterile 
Whirlpak bags, kept in the shade while in the field, and then were 
transported to the laboratory and stored at -20 °C until analyzed. 
During analysis, 16 nodules were randomly selected from each plant (to 
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represent small/large and tap/lateral nodules), and the nodule 
occupancy of the Chinese strains was determined by acid production by 
using the methods of Lieberman et al. (1986). 
Seed yields were determined by harvesting the middle two rows 
(rows 2 and 3) from each plot. Ends of plots were trimmed, and 6 m of 
each row was cut by hand in 1987 and by combine in 1988, giving a 
sample area both years of 9.1 m^. Seed was separated by a stationary 
thresher in 1987 and by combine in 1988, weighed, and moisture contents 
calculated. Seed weights (Mg ha~^) were adjusted to 13% moisture for 
each plot. 
Persistency Study 
A persistency study tested the survivability of fast-growers in 
the field for more than 1 yr. Soil samples were collected in the 
summer of 1989 from five randomly chosen plots for each strain from the 
1987 study. These sites were marked so that the following year 
(summer, 1990) soil samples could again be collected from the same 
locations. A greenhouse experiment was used for rhizobial recovery, 
using Williams 82 grown in 0.9-L cups as previously described. Soil 
from the control plots, from which fast-growers were not expected to be 
recovered also was used. 
Plants were grown for 5 wk, and nodule occupancy was determined by 
the method of Lieberman et al. (1986). Because there was concern that 
acid production might not be a stable trait with time, restriction 
fragment length patterns (RFLP) of plasmid DNA were used to confirm 
strain identification. Plasmid DNA was isolated by cesium 
chloride/ethidium bromide density gradient centrifugation according to 
the procedure of Maniatis et al. (1982) from HH 103 reference strain 
and 12 nodule isolates selected at random from yellow colonies on BTB-
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amended YMA plates from soil of plots inoculated with HH 103. The DNAs 
were digested by the restriction endonuclease EcoRl. obtained from 
Bethesda Research Laboratory (BRL, Gaithersburg, MD). Photographs of 
the gels were taken after electrophoresis of the DNA (Maniatis et al., 
1982) on 0.7% agarose gel at 2 V cm~^ for 12 to 16 hr. Identification 
was possible by comparing the RFLPs of the DNAs of the nodule isolates 
with the RFLP of the DNA of the reference strain. 
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RESULTS AND DISCUSSION 
Greenhouse Evaluation 
The three fast-growing Chinese rhizobia successfully nodulated the 
four soybean cultivars (Corsoy 79, Hardin, L 4104, and Williams 82) 
tested, and the fast-growers produced significantly higher plant dry 
weights than noninoculated controls (Table 3). The slow-growing 
bradyrhizobia, USDA 110 and 123, were included for comparison of 
relative N fixation efficiencies. Strain USDA 110 produced maximum dry 
weight on Corsoy 79 (Table 3), and maximum N was fixed on Corsoy 79 and 
Williams 82 (Table 4). Total N and nodule dry weights were determined 
on the cultivars that later were field tested. Both slow-growers 
produced greater plant dry weight than did the fast-growers on Corsoy 
79 and Hardin cultivars; however, at least one of the fast-growers 
produced dry weights statistically equal to USDA 110 on L4104 and 
Williams 82 cultivars (HH 102 on L4104 and HH 103 on Williams 82). Two 
fast-growers, HH 102 and HH 103, produced greater total N than USDA 123 
on Williams 82 (Table 4). Nodule number was not correlated with plant 
dry weight because nodule number did not differ significantly between 
the strains that produced the lowest and highest dry weights on all 
four cultivars (Table 3). Similarly, nodule dry weights (Table 4) on 
Corsoy 79 and Williams 82 did not differ whether inoculated with slow­
er fast-growers. 
Data in Table 3 indicated a strong cultivar-by-strain interaction 
for plant dry weight, significant at the 0.01 level. Similar 
interactions also were reported on the fast-growers by Dowdle and 
Bohlool when tested for their efficiency on soybean cultivars of China 
and North America (1985). The higher rates of inoculation generally 
increased nodule occupancy by the fast-growers on the four cultivars 
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Table 3. Plant dry weights and nodule numbers of three Chinese fast-
growers and two USDA slow-growers on four soybean cultivars 
Cultivar 
Corsoy 79 Hardin L4104 Williams 82 
Strain PI. 
Dry Wt 
Nod. 
No. 
PI. Nod. 
Dry Wt No. 
PI. 
Dry Wt 
Nod. 
No. 
PI. 
Dry Wt 
Nod. 
No. 
mg pl.~ •1 mg pl.'l mg pl.~ •1 mg pi." •1 
USDA 110 
USDA 123 
1130a® 
930b 
51ab 
52ab 
920a 42a 
300a 36ab 
1140a 
890cd 
41b 
55a 
1300a 
1140bc 
51ab 
54ab 
HH 003 
HH 102 
HH 103 
750c 
790c 
790c 
42b 
60a 
46b 
650b 34ab 
680b 29b 
590b 39a 
900cd 
1090ab 
lOOObc 
43b 
42b 
48ab 
1020c 
1026bc 
llSOab 
48b 
Slab 
59a 
Control^ 380d 0 290c 0 460e 0 580d 0 
Interaction 
Cul X Str * *  NS ** NS * *  NS * *  NS 
^Each value is the mean of five replications. Means within a 
column not followed by the same letter differed significantly (P = 
0.05) by Duncan's multiple-range test. 
'^Control received no N and no inoculation. 
**Significant at 0.01 probability level; NS = Not significant. 
tested when grown in a Webster soil containing an indigenous 
bradyrhizobial population (Table 5); however, the increase in nodule 
occupancy was significant only on L4104 and Williams 82 (HH 102 and HH 
103). Weaver and Frederick (1974) showed that strain recoveries could 
be increased in soils containing native bradyrhizobia by adding higher 
rates of inoculants. The maximum nodule occupancy was 31% by HH 003 on 
L4104 when added at log 8 cells. Even though there was a significant 
cultivar-by-strain interaction, HH 102 was superior to the other two 
isolates in displacing native rhizobia from the nodules. 
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Table 4. Nodule dry weights and total N of three Chinese fast-growers 
and two USDA slow-growers on two soybean cultivars 
Cultivar 
Strain 
Corsoy 79 
Nod. 
Dry Wt 
Total 
N 
Williams 82 
Nod. 
Dry Wt 
Total 
N 
USDA 110 
USDA 123 
HH 003 
HH 102 
HH 103 
Control^ 
27a* 
27a 
21a 
20a 
19a 
mg pi.' 
41.0a 
32.0b 
21.9c 
25.0c 
24. 4c 
9.2d 
34a 
31a 
25a 
26a 
28a 
38.0a 
26.2c 
24.5c 
34.1b 
32.5b 
12.7d 
*Each value is the mean of five replications. Means within a 
column not followed by the same letter differed significantly (P = 
0.05) by Duncan's multiple-range test. 
'^Control received no N and no inoculation. 
When averaged across cultivars and at both inoculation rates, HH 102 
occupied 17.3% of the nodules, whereas HH 003 and HH 103 occupied 12.7 
and 9.6%, respectively. In general there was no increase in nodule 
number with higher rates of inoculation, except for HH 103 on Hardin. 
There were unexplained decreases in nodule number with higher rates of 
inoculation with HH 003 on Corsoy 79 and Williams 82, and with HH 103 
on Williams 82. 
Competition studies of Chinese fast-growers in six different soils 
showed that fast-growers were highly variable in their competitiveness 
against the native populations (Table 6). The variability in 
competitiveness among soils for the fast-growers was expected because 
Hickey et al. (1987) reported that the native serogroup 123 organisms 
in Iowa soils are a heterogenous group. Data on average nodule 
85 
Table 5. Nodule numbers and occupancies of three Chinese fast-growers 
when added at the rates of log 5 and log 8 to Webster soil 
containing an indigenous population of slow-growers 
______ 
Strain 
Corsoy 79 
Nod. 
No. 
% 
Occ. 
Hardin 
Nod. 
No. 
% 
Occ. 
L4104 
Nod. 
No. 
% 
Occ. 
Williams 82 
Nod. 
No. Occ. 
HH 003 
Log 5 
Log 8 
HH 102 
Log 5 
Log 8 
HH 103 
Log 5 
Log 8 
Control^ 
Cul X Str 
Cul X Pop 
Cul X Str X Pop 
39ab® 7.0c 
29c 9.0bc 
30bc 12.5ab 
28c 16.0a 
32bc 
4 6a 
41a 
2.5d 
1.5d 
20b 
24b 
5. Oc 
6.0c 
24b lO.Oab 
21b 12.0a 
26b 8.0bc 
38a lO.Oab 
55b 
55b 
20.0bc 
31.Oa 
60ab 22.0b 
70a 27.5a 
64ab 13.5d 
63ab 17.0cd 
25b 0 38c 
Interactions 
* 
* 
* 
57a 
38b 
35b 
34b 
66a 
43b 
44b 
10.0c 
13.0bc 
15.6b 
22.5a 
3.0d 
20.5a 
^Each value is the mean of five replications. Means within a 
column not followed by the same letter differed significantly (P = 
0.05) by Duncan's multiple-range test. 
^Control was not inoculated, thus depended on native 
bradyrhizobia. 
Significant at 0.05 probability level. 
occupancies indicated that HH 102 and HH 103 were most competitive on 
both cultivars, and that they were statistically more competitive than 
HH 003. The maximum nodule occupancy was 38% on Williams 82 by HH 103 
in Ladoga silt loam soil. There were cultivar-by-soil, soil-by-strain, 
86 
Table 6. Nodule occupancies of three Chinese fast-growers on Corsoy 
79 and Williams 82 grown in the greenhouse in six soils 
SÔTÏ 
Treatment 12 3 4 5 6 Avg 
% Nod. Occ. 
Corsoy 79 
HH 003 9.4b^ 6.2b 20.3a 11.0b 17.3b 18.7c 13.8b 
HH 102 12.5a 11.0a 17.8b 25.0a 18.7ab 21.2b 17.7a 
HH 103 14.0a 9.4b 15.6c 9.4b 20.0a 28.1a 16.1a 
Williams 82 
HH 003 20.8b 
HH 102 22.9ab 
HH 103 25.0a 
Control^ 0.0 
19.8a 23.4c 15.6c 
12.5c 29.9b 14.1a 
15.0b 38.7a 8.7b 
0 . 0  0 . 0  0 . 0  
Interactions 
12.5c 8.3c 16.7b 
26.2a 19.3b 20.8a 
18.7b 25.0a 21.8a 
0 . 0  0 . 0  0 . 0  
Cul X Soil 
Str X Soil 
Cul X Str X Soil 
®Mean of five replications. Means within a column within a 
cultivar not followed by the same letter differed significantly (P 
0.05) by Duncan's multiple-range test. 
^Control did not receive inoculation. 
• •• Significant at 0.001 probability level. 
and cultivar-by-strain-by-soil interactions, significant at the 0.001 
level of probability (Table 6). These interactions involving soil also 
suggested that the native bradyrhizobial populations were heterogenous. 
The fast-growers produced higher shoot dry weight (Appendix A.7) 
on Williams 82 than on Corsoy 79 in the greenhouse. In many soils, 
however, there was no significant difference in shoot dry weight 
between control and the fast-growers, which suggested that native 
bradyrhizobia were comparatively as efficient as fast-growers, or that 
too low a nodule occupancy occurred to have an effect. 
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Field Study 
The Chinese fast-growers were not competitive in the field against 
the native strains in forming nodules on either Corsoy 79 or Williams 
82 (results were similar in 1987 and 1988) (Table 7). Data on average 
nodule occupancies in 1987 and 1988 in the field indicated that HH 102 
was favored on Corsoy 79, but differences between HH 102 and HH 103 
were statistically significant only at the R5 sampling in 1987. HH 103 
seemed to perform better on Williams 82, and nodule occupancies were 
statistically greater for HH 103 compared with HH 003 and HH 102 at 
site 1 for the V6 sampling in 1987 and at site 2 for the V6 sampling in 
1988. The maximum nodule occupancies were 12 and 13.3% by HH 102 on 
Corsoy 79 in 1987 and 1988, respectively. The nodule occupancies by 
all three fast-growers tested at the R5 stage on Williams 82 in 1987 
were slightly higher than the nodule occupancies tested at V6. The 
competitive ability of the fast-growers was over 50% less in the field 
than in the greenhouse (13.3% maxium nodule occupancy in the field vs. 
31% maximum nodule occupancy in the greenhouse). The higher nodule 
occupancy in the greenhouse than in the field could be attributed 
to: 1) improved accessibility of rhizobia to the plant root by placing 
the inoculum directly on the germinated seed; or 2) the time of 
sampling of the plants for nodule occupancy in the greenhouse was 4 to 
5 wk earlier than in the field, which could have influenced nodule 
occupancy. The relatively low nodule occupancies in the field likely 
negated the significant strain-by-soil interactions present in the 
greenhouse study (Tables 5 and 7) and did not result in yield 
differences among rhizobial treatments (Table 8). 
In four of the site-year-cultivar combinations, the N treatments 
resulted in greater yields than the controls (Table 8). In all site-
year combinations, the average yields of the N treatments on Corsoy 7 9 
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Table 7. Field study to test the nodule occupancies of three Chinese 
fast-growers in 1987 and 1988 
Nod. Occ. at V6 Nod. Occ. at R5 Nod. Occ. at V6 
(1987) (1987) (1988) 
Treatment Site l^Site 2^ Avg Site 1® Site 2^ Avg Site 1® Site 2*^ Avg 
Corsoy 79 % 
HH 003 7. Ob® 8. 3a 7. 6a 8 .Ob 6 .3b 7. lb 8. 7b 6. 6b 7. 6b 
HH 102 10. Oa 9. Oa 9. 5a 12 . Oa 10 .Oa 11. Oa 13. 3a 10. 8a 12. Oa 
HH 103 7. 5b 9. Oa 8. 2a 5 . Oc 8 .5ab 6. 7b 10. 8ab 10. 4a 10. 6ab 
Control^ 0. 0 0. 0 0. 0 0 .0 0 .0 0. 0 0. 0 0. 0 0. 0 
Williams 82 
HH 003 4. Ob 6. Oa 5. Oa 6 .5a 7 . Ob 6. 7a 7. 9a 8. 7b 8. 3a 
HH 102 3. 8b 8. Oa 5. 9a 4 .5a 10 . Oa 7. 2a 8. 7a 9. lb 8. 9a 
HH 103 8. 8a 6. Oa 7, 4a 6 .5a 9 . Oab 7. 5a 8. Oa 12. la 10. Oa 
Control 0. 0 0. 0 0. 0 0 .0 0 .0 0. 0 0. 0 0. 0 0. 0 
Interactions 
Cul X Site NS 
Cul X Str NS 
Str X Site NS 
Cul X Str X Site NS 
NS NS 
NS * 
NS NS 
NS NS 
®Berkey South located at the Agronomy and Agricultural Engineering 
Research Farm, Boone County, lA. 
^Berkey North located at the Agronomy and Agricultural Engineering 
Research Farm, Boone County, lA. 
°Bruner Farm West located at the Agronomy and Agricultural 
Engineering Research Farm, Boone County, lA. 
^Main Farm located at the Agronomy and Agricultural Engineering 
Research Farm, Boone County, lA. 
®Means within a column within a cultivar not followed by the same 
letter differed significantly (P = 0.05) by Duncan's multiple-range 
test. 
^Control did not receive inoculation. 
*Significant at 0.05 probability level; NS = Not significant. 
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Table S. Soybean yield after inoculation by three Chinese fast-
growers at two sites each in 1987 and 1988 
Yield at harvest 
1987 1988 
Treatment Site 1® Site 2% Avg Site 1° Site 2"^ Avg 
Corsoy 79 
HH 003 
HH 102 
HH 103 
Control^ 
N treatment^ 
2.77a® 
2.63ab 
2.49b 
2.49b 
2.77a 
2.39ab 
2.44a 
2.20b 
2.20b 
2.44a 
Mg ha -1 
2.58a 
2.53a 
2.34a 
1.69b 
1.83b 
1.79b 
2.34a 1.84b 
2.60a 2.15a 
1.37c 1.53b 
1.70ab 1.76ab 
1.59c 1.69ab 
1.65abc 1.74ab 
1.89a 2.02a 
Williams 82 
HH 003 
HH 102 
HH 103 
2.63bc 
2.95a 
2.63bc 
2.15ab 
2.29a 
1.96b 
2.39b 
2. 62a 
2.29b 
1.74a 
1.80a 
1.87a 
1.20b 
1.26b 
1.18b 
1.47ab 
1.53ab 
1.52ab 
Control 
N treatment 
2.58cd 
2.86ab 
2.15ab 
2.15ab 
2.36b 
2.50ab 
1.70a 
1.97a 
1.10b 
1.63a 
1.40b 
1.80a 
Cul X Site 
Cul X Str 
Str X Site 
Cul X Str X Site 
NS 
NS 
NS 
NS 
Interactions 
NS 
NS 
NS 
NS 
N trt vs Control 
Contrast 
^'•^Berkey South and Berkey North located at the Agronomy and 
Agricultural Engineering Research Farm, Boone County, lA. 
C'dgruner Farm West and Main Farm located at the Agronomy and 
Agricultural Engineering Research Farm, Boone County, lA. 
®Means within a column within a cultivar not followed by the same 
letter differed significantly (P = 0.05) by Duncan's multiple-range 
test. 
^Control did not receive inoculation. 
9The N treatment received 165 kg N ha~^ as urea at planting in 
1987; and 330 kg N ha~ in a split-application in 1988, one application 
at planting and one at flowering. 
*'**Significant at 0.05 and 0.01 probabilities levels, 
respectively; NS = Not significant. 
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and Williams 82 were 2.31 and 2.15 Mg ha~^, respectively; whereas the 
average yield of the control treatments on Corsoy 79 and Williams 82 
were 2.04 and 1.88 Mg ha~^, respectively. This suggested that native 
bradyrhizobia were not fixing all the N required by the plants for 
maximum growth. Single degree of freedom contrasts indicated the 
effect of added N was significant at the 0.05 level of probability in 
1987 and the 0.01 level of probability in 1988. 
Persistency Study 
Even though the initial nodule occupancies were low in 1987, the 
fast-growers survived well saprophytically in the soil over the next 3 
yr (Table 9). Data on average nodule occupancies indicated that HH 102 
occupied 13.0 and 11.1% of the nodules on Williams 82 in 1989 and 1990, 
respectively, vs. an average of 5.9% in 1987. Nodule occupancy 
numbers, however, are not directly compatible between 1987 and 
1989/1990 because the nodule occupancy by the fast-growers in 1987 was 
tested in the field, whereas in 1989 and 1990, nodule occupancies were 
tested in the greenhouse in field-collected soil from the sites 
inoculated in 1987. 
The average nodule occupancies by the fast-growers appeared to 
decrease slightly between 1989 and 1990. The average nodule occupancy 
by HH 103 declined to 6.6% in 1990 from 11.0% in 1989. The data on 
saprophytic survival actually is circuitous because it did not measure 
survival directly in soil. Rather, nodule recovery from a plant was 
used as an indicator, which would involve not only plant-host 
interactions but also fast- and slow-grower interactions in the plant 
rhizosphere. 
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Table 9. Greenhouse study of field-collected soil to test the nodule 
occupancies of three Chinese fast-growers at two sites 
inoculated in 1987 
1989 1990 
Treatment Site 1^ Site 2^ Avg Site 1® Site 2^ Avg 
Williams 82 
% Nod. Occ. 
HH 003 10.1a*= 8.6b 9.4a 10.0a 6.2b 8.lab 
HH 102 13.3a 12.5a 13.0a 11.0a 11.2a 11.1a 
HH 103 13.2a 8.7b 11.0a 8.7a 4.4b 6.6b 
Control 0.0 0.0 0.0 0.0 0.6c 0.3c 
®Berkey South located at the Agronomy and Agricultural Engineering 
Research Farm, Boone County, lA. 
^Berkey North located at the Agronomy and Agricultural Engineering 
Research Farm, Boone County, lA. 
®Mean of ten replications. Means within a column not followed by 
the same letter differed significantly (P = 0.05) by Duncan's multiple-
range test. 
Thus, the actual saprophytic survival may be greater or less than the 
data suggest. 
The restriction fragment length pattern (RFLP) comparisons of 
plasmid DNAs (Fig. 1) verified that all 12 test isolates from the plots 
inoculated with HH 103 were 100% homologous with the reference strain 
added to that plot 3 yr before. Thus, RFLPs indicated that the acid 
production could be used as a reliable method for strain 
identification. Because isolation of plasmid DNA by ethydium 
bromide\cesium chloride density centrifugation was laborious and time 
consuming, RFLPs were not prepared for testing nodule isolates of HH 
003 and HH 102. 
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Figure 1. Agarose gel electrophoresis for RFLP of HH 103. Lane 1 
contains EcoRl digest of lambda DNA as a standard; lanes 8, 
9 and 10 have plasmid DNAs from reference strain HH 103 (DNA 
in lane 8 may be partially digested); and rest of the lanes 
have plasmid DNAs from 12 nodule isolates of HH 103 
93 
Summary 
The results of these studies suggest that the three Chinese fast-
growers can nodulate and fix N on improved North American cultivars, 
but are not exceptionally competitive against native soil bradyrhizobia 
when added at standard inoculation rates in the field. The relative 
nodule occupancies in the greenhouse were approximately twice those of 
occupancies in the field. In both field and greenhouse studies, there 
were significant interactions of cultivar-by-strain, strain-by-soil, 
and cultivar-by-strain-by-soil. In the majority of greenhouse and 
field studies, HH 102 was the most efficient and the most competitive 
of the three fast-growers tested. All three fast-growers survived 
saprophytically in the soil for 3 yr. There was a gradual decrease in 
the nodule occupancies by the fast-growers between 1989 and 1990, which 
suggests that their relative numbers in the soil or ability to survive 
saprophytically might be dwindling with time. Acid production by the 
fast-growers was a stable characteristic and, hence, was used 
successfully for the first time for the identification of the fast-
growers by using BTB as an indicator in the growth medium. This method 
for identification of nodule isolates was confirmed by restriction 
fragment length pattern (RFLP) comparisons of plasmid DNA. The use of 
acid production for isolate identification was simple, required minimal 
time, and was reliable; however, care must be used when scoring the 
plates for acid-producing colonies because several fungi and soil 
bacteria also produced acid on the solid BTB-YMA medium used. Fungal 
contamination was minimized by the use of actidione in the medium (20 
|lg mL~^), and bacterial contamination was minimized by cleaning the 
nodules free of soil particles and by careful surface sterilization. 
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ABSTRACT 
In the Midwest, members of USDA serogroup 135 dominate in alkaline 
soils, whereas members of USDA serogroup 123 dominate in nonalkaline 
soils. A possible explanation for the dominance of 135 in alkaline 
soils is that native 135 strains are capable of producing siderophores 
that assist in acquiring Fe. The objectives of this study were to test 
six reference strains (three slow-growing Bradvrhizobium iaponicum and 
three fast-growing Rhizobium fredii) for siderophore production and to 
evaluate mutants of R. fredii. developed by Tn5 insertion for over­
production of siderophores, for their competitive abilities in an 
alkaline soil. Reference strains USDA 110, USDA 123, and USDA 135 were 
tested for siderophore production in liquid culture by using Neilands' 
CAS assay solution. Mutants were developed for siderophore over­
production by introducing the 'suicide' vector pSUPlOll, which carries 
the transposon Tn5 (km^) , into a siderophore-producing Chinese R. 
fredii strain. Kanamycin-resistant colonies were tested for 
siderophore over-production on Neilands' Blue-Agar medium. Two 
siderophore over-producing mutants that produced mature and pink 
nodules on soybean in growth-pouches were examined for the genomic 
presence of Tn5 by Southern hybridization with a Tn5 probe. The Tn5-
carrying mutants were further tested in the greenhouse for their 
competitiveness against native strains present in an alkaline soil of 
Iowa and for their symbiotic effectivity. Among the three slow-growing 
bradyrhizobia tested for siderophore production, USDA 135 was the only 
strain that produced siderophore in a liquid medium low in Fe. 
Kanamycin-resistant colonies were detected at a frequency of 1.7 x 
10"^ , whereas the frequency of background mutation, resistant to 500 p,g 
kanamycin mL~^, was 1.8 x 10~®. Nodule occupancies in the greenhouse 
by the two siderophore over-producing mutants were 3 and 4%, compared 
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with 19% for the wild-type strain. Thus, either the wild-type was 
acquiring all the Fe needed for maximum growth and nodulation, or the 
insertion of Tn5 and over-production of siderophore resulted in less 
competitive strains. 
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INTRODUCTION 
Microorganisms inhabiting high pH soils may suffer from Fe 
starvation for optimal growth because Fe under these conditions will be 
present in the oxidized [(Fe(III)] or the oxy-hydroxide [FefOH)^] form. 
Many organisms growing in high pH environments, however, have adapted 
by producing extra-cellular, low-molecular weight (500-1000 dalton) Fe-
transport agents, designated as 'siderophores' (Kloepper et al., 1980a; 
Powell et al., 1980; Akers, 1981; Frederick et al., 1981; Neilands, 
1981). The main function of siderophores apparently is to supply Fe to 
Fe-starved cells. 
Several workers in the Midwest have shown that members of 
serogroup USDA 135 dominate in alkaline soils, whereas members of 
serogroup USDA 123 dominate in neutral and acid soils (Damirgi et al., 
1967; Ham et al., 1971; Berg et al., 1988). A possible explanation is 
that the native members of serogroup USDA 135 are capable of producing 
siderophore to aid in Fe chelation and, thereby, are more competitive 
than USDA 123 in alkaline soils where availability of Fe is extremely 
low. 
Recently, there have been reports of the production by rhizobia of 
siderophores, referred to as 'Rhizobactins', by R. meliloti, R. fredii, 
and a Rhizobium sp. from the cowpea miscellany (Modi et al., 1985; 
Smith et al., 1985). 
In this study, the production of siderophore was evaluated in 
liquid culture by: three slow-growing strains, USDA 110, 123, and 135 
and three fast-growing Chinese isolates, HH 003, HH 102, and HH 103. 
Siderophore over-producing mutants, developed through transposon-
mediated mutation of a Chinese fast-grower, also were evaluated for 
their competitiveness in an alkaline soil against the native 
bradyrhizobia. 
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MATERIALS AND METHODS 
Bacterial Strains and Plasmids 
Three Chinese R. fredii strains HH 003, HH 102, and HH 103 were 
obtained from Dr. Ben Bohlool, University of Hawaii. USDA 110, USDA 
123, and USDA 135 were provided by the Nitrogen Fixation and Soybean 
Genetics Laboratory (USDA, Agricultural Research Service, Beltsville, 
MD). Rhizobium meliloti 1021 was obtained from Dr. J. B. Neilands' 
laboratory. University of California (Davis, CA). E. coli SM 10 (RP 
4.2 TC::MU) was used as the donor strain of the suicide plasraid 
pSUPlOll (pACYC 184 derivative, km'^, cm^), and was obtained from Dr. A. 
Puhler, University of Bielefeld, Federal Republic of Germany. 
Media and Growth Conditions 
E. coli strain SMIO was grown at 37 °C in Luria Bertani (LB) medium 
supplemented with kanamycin (50 Jig mL~^), chloramphenicol (20 Jig mL~^), 
and nalidixic acid (10 Jig mL~^) obtained from Sigma Chemical Co. (St. 
Louis, MO). The R. fredii strains were cultivated aerobically at 28 °C 
in Bacto-Tryptone Yeast extract (TY) medium. Chrome azurol-S (CAS), 
hexadecyltrimethylammonium bromide (HDTMA), and 1,4-
piperazinediethanesulfonic acid (Pipes) were purchased from Sigma 
Chemical Co. (St. Louis, MO). CAS assay solution and Blue Agar plates 
for screening rhizobial strains for siderophore production were 
prepared as described by Schwyn and Neilands (1987). 
Antibiotic Sensitivity 
The minimum inhibitory concentrations (MIC) of eight antibiotics, 
chloramphenicol, kanamycin, nalidixic acid, rifampin, neomycin, 
streptomycin, tetracycline, and gentamicin (Sigma Chemical Co., St. 
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Louis, MO), were determined for R. fredii. Cultures in the late log 
phase were serially diluted, and 0.1 mL portions (containing 300 to 500 
cells) were spread on TY agar plates containing graded concentrations 
of antibiotics. The plates were incubated at 28 °C for 4-5 days, and 
MICs were determined. The MIC was defined as the lowest concentration 
of each antibiotic at which no colony was observed on a plate. 
Isolation of Mutants 
About 10® cells each of donor (E^. coli carrying the suicide 
plasmid) and recipient (R. fredii) were mixed and collected on a 
Nalgene membrane filter (0.45 pm pore size; Gelman Instrument Co., Ann 
Arbor, MI). The filters were transferred onto TY agar plates and 
incubated at 28 °C for 30 hr. The cells on the filters were recovered 
by transferring a filter to 5 mL of TY broth and vortexing vigorously 
for 1 min. Samples (0.1 mL) of the conjugation mixture were spread on 
TY agar plates supplemented with 500 \lg kanamycin mL~^ and 30 Jig 
nalidixic acid mL~^. Nalidixic acid was used for counter selection of 
E. coli because R. fredii is intrinsically resistant to this 
antibiotic. The number of recipient cells in the conjugation mixture 
was determined by plating 0.1 mL of each dilution onto TY plates 
containing 30 Jig nalidixic acid mL~^. The plates were incubated at 28 
°C for 5 days, and colonies were counted to determine transposition 
frequency. Two thousand kanamycin-resistant colonies of HH 003 were 
transferred to CAS Blue Agar plates for screening for siderophore over­
producing mutants. Two mutants out of 2000 tested produced large 
orange halos around their colonies on CAS Blue-Agar medium, indicating 
that they were siderophore over-producers and, hence, were selected for 
further tests. 
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Plant-Infection Test 
To determine whether the two siderophore over-producing mutants 
nodulated and fixed N, two surface-sterilized and pregerminated seeds 
of 'Williams 82' were placed in a growth pouch (Northrup King Co., 
Minneapolis, MN) and each pouch was inoculated with 1 mL of each mutant 
culture (log 7.0 cells mL~^). The pouches were incubated in a growth 
chamber for 21 days. Sterile distilled water and nutrient solution 
were added as required. A control that did not receive inoculation 
and, hence, was not expected to develop nodules was also included. 
The two mutants were selected for further study in the greenhouse 
because both produced mature and pink nodules on soybean plants. 
CAS Analysis of Siderophore 
Six reference strains and the two R. fredii mutants were tested 
for siderophore production in solid medium and liquid culture. To 
determine siderophore production in liquid culture, each strain was 
grown in a 10-mL volume of a low Fe medium prepared according to Schwyn 
and Neilands (1987) . After turbidity was noted, 0.1 mL of each of 
these cultures was transferred into 10 mL of the same medium so that 
cultures were continuously starved of Fe. These transfers were 
incubated at 28 °C until stationary phase was reached. Cells and 
supernatant were separated by centrifugation, and 1.0 mL of supernatant 
was mixed with 1.0 mL of CAS assay solution. A reference also was 
prepared by mixing 1.0 mL of the CAS assay solution with 1.0 mL of the 
noninoculated medium used for culturing rhizobial strains. Absorbance 
at 630 nm was measured 1 hr after mixing, and values were compared with 
the O.D. of the reference. 
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DNA,Isolation and Southern Hybridization 
Total DNAs from the mutants and wild-type were isolated as 
described by Better et al. (1983). Plasmid DNA (pSUPlOll) from E. coli 
was prepared by cesium chloride/ethidium bromide density gradient 
centrifugation as outlined by Maniatis et al. (1982). The genomic DNA 
from the fast-growers and the plasmid DNA from E. coli were digested 
with EcoRl (Bethesda Research Laboratories, Inc., Gaithersburg, MD) 
and, after electrophoretic separation on a 0.7% agarose gel at 2 V/cm 
for at least 16 hr, were transferred onto Magnagraph (Westboro, MA) 
nylon membranes. ^^P-labeled dCTP (deoxy-cytidine triphosphate) was 
purchased from the New England Nuclear Corp. (Boston, MA), and 
labeled DNA probe for hybridization (internal Hindlll fragment of Tn5, 
isolated from pSUPlOll::Tn5) was prepared by using a random-primer 
labeling kit as recommended by the manufacturer (Boehringer Mannheim 
Biochemicals, Indianapolis, MI). Autoradiography was done as described 
by Maniatis et al. (1982) by using X-Omat film (Kodak, Rochester, NY). 
Greenhouse Study 
Two siderophore over-producing mutants that retained symbiotic 
properties were tested in the greenhouse in 0.9-L styrofoam cups for 
their competitive ability in an alkaline soil against native strains. 
The Canisteo soil used was collected from the Agronomy and Agricultural 
Engineering Research Farm, located east of Boone, lA. The soil 
contained free calcium carbonate, the pH was 7.8, and the MPN for 
native bradyrhizobia was log 5.4 cells g~^ soil. The soil was mixed 
with sterile sand in a 60:40 ratio by volume to improve drainage. 
Each cup received two surface-sterilized and pregerminated seeds 
of Williams 82 and ca. 10® cells of mutant or wild-type organisms. 
Controls received no organisms. Sterile distilled water and nutrient 
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solution were supplied periodically as needed. 
Plants were harvested after 5 wk. The nodule occupancy was 
determined according to the methods of Lieberman et al. (1986) by using 
YMA medium amended with bromthymol blue (BTB) indicator for HH 003 and 
TY medium supplemented with 500 fig kanamycin mL~^ for mutants. To 
determine symbiotic effectivity, shoot dry weights of Williams 82 grown 
in 0.9-L cups in sterile vermiculite were determined for ten 
replications. 
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RESULTS AMD DISCUSSION 
Antibiotic Sensitivity 
Most rhizobia are intrinsically resistant to low concentrations of 
different antibiotics (Josey et al., 1979). Of the eight antibiotics 
tested (Table 1), the fast-growers were least resistant to tetracycline 
(1 \ig mL~^) and most resistant to streptomycin (>300 Jig mL~^) . All 
showed relative high resistance to nalidixic acid and neomycin. There 
were no differences in resistance patterns to different antibiotics 
among the fast-growers tested. These results for antibiotics are 
similar to the resistance patterns reported by Dowdle and Bohlool 
(1985). 
Transposition Frequency 
Transposition frequency for the fast-growers (Table 2) indicates 
that an average of 1.7 cells per million recipients developed 
resistance to 500 Jig kanamycin mL~^ through Tn5 insertion, which was at 
least 100 times higher than spontaneously developed resistance to 
kanamycin through background mutation (1.5 to 2.0 cells per 100 million 
cells). Similar transposition frequencies have been reported for other 
fast-growers (Kim et al., 1988; Heron et al., 1989). 
Mutant Selection 
Tn5-induced mutants of HH 003 were screened for siderophore over­
production because HH 003 produced the greatest amounts of siderophore 
in liquid medium of the three fast-growers tested. Over 2000 mutants 
of HH 003, resistant to 500 p,g kanamycin mL~^, were screened for 
siderophore over-production on CAS Blue-Agar medium. Two mutants, 
HH 003L and HH 003M, were selected for further studies because large 
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Table 1. Intrinsic antibiotic resistance of three Chinese fast-
growers 
Strain 
Antibiotic HH 003 HH 102 HH 103 
Jig itiL"^ 
Chloramphenicol 20 10 10 
Gentamicin 10 20 10 
Kanamycin 20 20 10 
Nalidixic acid >200 >200 >200 
Neomycin 200 150 150 
Rifampin 20 20 20 
Streptomycin >300 >300 >300 
Tetracycline 2 4 1 
Table 2. Transposition frequency of Chinese fast-growers 
Strain Transposition frequency Background mutation 
HH 003 1.4 X 10-6 1.5 X 10"® 
HH 102 1.8 X 10"® 2.0 X 10"® 
HH 103 2.0 X 10"® 1.8 X 10"® 
orange haloes appeared around their colonies (Fig. 1) on Blue-Agar 
plates, which indicated siderophore over-production. Furthermore, they 
nodulated soybean in growth pouches and showed a pink color when 
nodules were opened, which indicated an active N symbiosis. 
CAS Analysis of Siderophore 
The USDA slow-growers and the Chinese fast-growers were tested for 
siderophore production in liquid culture and on a solid medium (Table 
3). Iron (III) in CAS Blue-Agar medium gives a blue-colored-dye 
complex with an O.D. of >1.5 at 630 nm, which serves as a control when 
mixed with noninoculated culture medium (Schwyn and Neilands, 1987). 
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Fig 1. Siderophore over-producing mutants HH 003L and HH 003M with 
large orange halos (top) and their wild-type HH 003 with small 
orange halos (bottom) grown on CAS Blue-Agar medium 
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Table 3. CAS analyses for siderophore produced by slow- and fast-
growers on solid medium and in liquid culture 
Strain CAS Blue CAS liquid 
Agar medium® culture 
USDA 110 
USDA 123 - — 
USDA 135 — + 
HH 003° + + 
HH 102® + +/-
HH 103° + + /-
HH 003L^ + ++ 
HH 003M° + ++ 
R.M. 1021® + + 
Control medium 
^+, Orange; -, blue. 
^Scaled values of absorbency/absorbency reference at 630 nm: ++, 
0.8 to 0.3; +, 1.3 to 0.8; +/-, 1.8 to 1.3; —, >1.8. 
®Wild-type strain of fast-grower. 
^Siderophore over-producing mutant developed from HH 003. 
^Rhizobium meliloti strain obtained from Dr. Neilands' laboratory, 
Davis, OA, which produces siderophore of unknown structure. 
When a siderophore or similar ligand is released into the medium, it 
chelates Fe(III) from the dye complex because the affinity of 
siderophore for ferric Fe is at least 1000 times higher than the 
affinity of the dye for Fe(III). This breaks the dye-Fe complex and 
the O.D. of the orange-colored complex decreases. The decrease is 
proportional to the concentration of siderophore in the medium. All 
three bradyrhizobia (USDA 110, USDA 123, and USDA 135) tested for 
siderophore production on CAS Blue-Agar plates failed to grow on solid 
medium. These slow-growers might be sensitive, similar to many Gram-
positive bacteria and some fungi, to the detergent HDTMA present in the 
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medium (Schwyn and Neilands, 1987; Fekete et al., 1989). USDA 135, a 
representative of the dominant serogroup in alkaline soils of Iowa, 
however, produced siderophore in the liquid culture (Table 3). The 
mutants HH 003L and HH 003M produced higher amounts of siderophore in 
the liquid medium than the parental strain (HH 003), HH 102, HH 103, or 
a siderophore-producing Rhizobium meliloti 1021 strain. The fast-
growers and mutants produced siderophores in both the liquid medium and 
on CAS Blue-Agar. 
Southern Hybridization 
Southern blot analysis of the mutants (Figs. 2 and 3) confirmed 
the insertion of Tn5 in the genomes of both mutants. The internal 
Hindi!I fragment of Tn5, which had been isolated from pSUPlOll::Tn5, 
was used as a probe to hybridize to total DNAs from the mutants and the 
wild-type after digestion with EcoRl. Because Tn5 had not contained an 
EcoRl site, EcoRl digests of genomic DNAs of mutants carrying a single 
Tn5 insert showed a unique fragment of ca. 7 Kb that hybridized with 
Tn5. No hybridization band was expected for the wild-type strain (HH 
003) because it had neither Tn5 nor pSUPlOll, Because neither mutant 
showed increased resistance to chloramphenicol, the vector (pSUPlOll) 
presumably was not retained by the mutants. Further characterization 
of the mutants, however, is necessary to understand more about the 
gene\genes involved in siderophore production. 
Nodule Occupancy and Plant Dry Weight 
In the greenhouse test, the siderophore over-producing mutants, HH 
003L and HH 003M, occupied only 3 and 4% of the nodules, respectively, 
on the cultivar Williams 82 (Table 4), compared with 19% occupancy by 
the parental HH 003 wild-type. Therefore, the over-production of 
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Fig 2. Agarose gel electrophoresis of EcoRl digests of total DNA from 
the wild-type (HH 003) and Tn5-carrying mutants (HH 003L and 
HH 003M). Lanes A and C contain HindiII and Pstl digests of 
lambda DNA as standards; lane B is an EcoRl digest of pSUPlOll 
plasmid DNA; lanes E to G contain HH 003, HH 003L, and HH 
003M, respectively. The numbers on the left indicate the 
sizes in kilobases (Kb) of molecular weight markers 
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Fig 3. Hybridization of Tn5 to total DNA from the wild-type HH 003 
and two mutants derived from HH 003. The aùtoradiograph was 
obtained from a nylon membrane carrying EcoRl-digested total 
DNA from the wild-type and the mutants. Lanes are Hindlll 
digest of lambda DNA (A); EcoRl digest of pSUPlOll plasmid DNA 
(B); Pstl digest of lambda DNA (C); HH 003 (E); HH 003L (F); 
HH 003M (G); and blanks (D and H). The numbers on the left 
indicate the sizes in kilobases (Kb) of molecular weight 
markers 
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Table 4. Greenhouse tests of Chinese fast-growers for nodule 
occupancies in an alkaline soil and plant dry weights in 
sterile vermiculite 
Strain Nod. occupancy Dry wt. 
mg pl"l 
HH 003* 19a^ 1510a 
HH 003L° 3b 1420a 
HH 003MC 4b 1480a 
Control^ 0 800b 
^Parental wild-type strain. 
^Mean of ten replications. Means within a column not followed 
by the same letter differ significantly (P = 0.05) as tested by 
Duncan's multiple-range test. 
^Siderophore over-producing mutant developed from HH 003. 
"^Control did not receive inoculation. 
siderophore did not increase nodule occupancy of the mutants as 
hypothesized, but rather decreased occupancy. Perhaps the native 
strains in this alkaline soil received adequate Fe through their own 
siderophores so that Fe did not limit their growth, or the over­
production of siderophore by the mutants in some way hindered the 
occupancy of nodules. 
The parental strain and mutants produced significantly higher 
plant dry weights than the noninoculated controls (Table 4), and there 
were no significant differences in plant dry weights among strains. 
Thus, the symbiotic effectivity of the mutants was not affected by Tn5 
insertion. 
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Summary 
Chinese R. fredii are attractive strains for genetic study of the 
soybean-rhizobial symbiosis because they are fast-growers and harbor 
the svm plasmid, which makes genetic manipulation easy. Their 
susceptibility to transposon mutagenesis, as shown in this study, 
facilitated isolation of mutants at frequencies 100 times greater than 
background levels of mutation. The use of Neilands' Blue-Agar medium 
is an exceptionally sensitive and simple test for detecting 
siderophore-producing strains. Siderophore-producing strains chelate 
Fe, resulting in an easily distinguished orange color. HDTMA, a 
detergent in the medium, however, inhibited the growth of the slow-
growers (USDA 110, 123, and 135) tested. USDA 135 produced siderophore 
in liquid culture, which may be one of the reasons for dominance by 
members of this serogroup in alkaline soils of Iowa. Southern 
hybridization verified Tn5 insertion into the genome of the mutants, 
but further tests are needed to prove that Tn5 is responsible for the 
mutation in the siderophore gene/genes. The competitive ability of the 
mutants tested in the greenhouse, unexpectedly, was several fold lower 
than the wild-type, which suggests that Tn5 insertion could have 
affected the competitiveness of the mutants, or Fe was not a limiting 
factor for competitiveness of the native bradyrhizobia. 
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SUMMARY AND DISCUSSION 
Three fast-growing strains of Rhizobium fredii, obtained from 
fields of China, were evaluated in the greenhouse and in the field 
for their symbiotic effectivity and competitiveness. Two of the 
fast-growers under greenhouse conditions were as effective in N 
fixation as USDA 123, but were less effective than USDA 110. 
The competitiveness of the fast-growers was tested in the 
greenhouse in Webster soil at 10® and 10® cells added per pot. 
Nodule occupancies ranged from 1.5 to 31%, with higher occupancies 
by fast-growers at the higher inoculation rate. Competitiveness 
also was evaluated in six additional soils when added at 10® cells 
per pot; nodule occupancies by fast-growers ranged from 1.5 to 
38.7%. There were significant cultivar-by-soil, strain-by-soil, and 
soil-by-strain-by-cultivar interactions, which suggested that the 
population of native serogroup 123 strains in these soils was 
heterogenous. 
Field plots were established at two separate sites each year in 
the summers of 1987 and 1988. Each fast-growing strain was 
introduced into soils at approximately 10® viable cells cm~^ row. 
Nodule occupancy over the four site-years on Corsoy 79 and Williams 
82 soybean cultivars ranged from 3.8 to 13.3%. Nodule occupancies 
in the field were approximately one-half of those determined in the 
greenhouse. Both cultivars produced higher yields with added N 
fertilizer compared with noninoculated control plots. 
The saprophytic survival of Chinese fast-growers in the field 
was tested 2 and 3 yr after inoculation and was based on nodule 
occupancy in the greenhouse of field-collected soil. The average 
nodule occupancies on Williams 82 by the fast-growers 2 and 3 yr 
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after inoculation ranged from 9.4 to 13.0% and from 6.6 to 11.13%, 
respectively, which suggested that the fast-growers persisted 
reasonably well in soil as saprophytes. Chinese fast-growers in the 
nodules were identified by their acid production on BTB-amended YMA 
medium, and the reliability of this method was verified by 
restriction fragment lenofth pattern (RFLP) comparisons of plasmid 
DNA preparations from test and reference strains. Strain 
identification by acid production was simple, less time consuming 
than other methods, and reliable as verified by RFLPs. 
The results of these studies indicated that Chinese fast-
growers can nodulate and fix N on improved North American cultivars, 
but are not very competitive against native soil bradyrhizobia when 
added at standard inoculation rates in the field. In the majority 
of greenhouse and field studies, Corsoy 79 favored HH 102 and 
Williams 82 favored HH 103 for high nodule occupancy and plant dry 
weights. 
In another study, siderophore over-producing mutants of Chinese 
R. fredii were evaluated for competitive ability in an alkaline 
soil. Reference strains USDA 135 (dominant in alkaline soils of 
Iowa), USDA 123, and USDA 110 were tested for siderophore production 
in liquid culture by using Neilands' CAS assay solution. Only USDA 
135, of the three slow-growers tested, released siderophore in 
liquid medium, which might be one of the reasons for their dominance 
in alkaline soils. Mutants for siderophore over-production were 
developed by transposon (Tn5)-mediated mutation of Chinese R. fredii 
HH 003. Southern hybridization verified the presence of Tn5 in the 
genomes of the two siderophore over-producing mutants. The Tn5-
carrying mutants were further evaluated in the greenhouse for their 
competitive abilities against the dominant native strains present in 
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an alkaline soil of Iowa, and were evaluated in vermiculite for 
their symbiotic effectivities. Nodule occupancies in the greenhouse 
by the mutants were 3 and 4%, compared with 19% for the wild-type 
strain. The reduced competitiveness of the mutants perhaps was not 
related to siderophore over-production, but rather was related to 
the effect of Tn5 insertion, or Fe was not a limiting factor for 
competitiveness of the native bradyrhizobia. Tn5 insertion did not 
appear to affect the symbiotic effectivities of the mutants. 
The results of these studies indicated that Chinese fast-
growers were susceptible to transposon mutagenesis, which 
facilitated isolation of mutants at frequencies 100 times greater 
than background levels of mutation. The siderophore over-producing 
mutants should be further characterized to better understand the 
relationship between siderophore over-production and 
competitiveness. It would be interesting to study the relative 
competitiveness in alkaline soils of siderophore nonproducing and 
over-producing mutants of USDA 135. To do this, other suitable 
detergents should be evaluated as a substitute of HDTMA in CAS Blue-
Agar medium so that thousands of mutants of USDA 135 could be 
screened in a short time. 
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Table A.l. Plant dry weights of cultivars L4104 and Williams 82 when 
inoculated with two slow-growers and three Chinese fast-
growers 
Cultivars 
L4104 Williams 82 
Strain Rl® R2 R3 R4 R5 R1 R2 R3 R4 R5 
g plant ^ 
USDA 110 1 .18 1 .40 1. 00 0. 92 1 .20 1 .30 1 .17 1 .37 1 .27 1 .39 
USDA 123 0 .88 1 .05 0. 85 0. 80 0 .87 0 .93 1 .10 0 .90 1 .01 0 .92 
HH 003 0 .90 0 .85 0. 95 1. 00 0 .80 0 .75 0 .80 0 .70 0 .90 0 .87 
HH 102 1 .20 1 .00 1. 10 0. 90 1 .25 1 .04 1 .11 0 .95 1 .09 0 .94 
HH 103 0 .95 1 o
 
o
 
1. 20 0. 90 0 .95 1 .13 1 .33 1 .23 1 .18 1 .03 
Control 0 .40 0 .55 0. 35 0. 60 0 .40 0 .55 0 . 60 0 .45 0 .60 0 .70 
^Replication. 
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Table A.2. Plant dry weights of cultivars Corsoy 79 and Hardin when 
inoculated with two slow-growers and three Chinese fast-
growers 
Cultivars 
Corsoy 79 Hardin 
Strain Rl^ R2 R3 R4 R5 R1 R2 R3 R4 R5 
g plant ^ 
USDA 110 1 ,13 1 .00 1. 20 1 .10. 1 .22 0 .90 1, ,00 1. 00 0.80 0 ,90 
USDA 123 0 ,93 1 .10 0. 90 0 .80 0 .92 0 .82 0, ,78 0. 80 0.80 0 ,80 
HH 003 0 .75 0 .80 0. 70 0 .90 0 .60 0 .70 0, .55 0. 65 0,70 0 ,65 
HH 102 0 .80 0 .85 0. 75 0 .85 0 .70 0 .52 0, .80 0. 60 0,65 0 ,85 
HH 103 0 .75 0 .95 0. 85 0 .80 0 .60 0 .70 0, .50 0. 55 0,60 0 ,60 
Control 0.35 0,40 0,25 0.40 0.50 0.40 0.28 0.40 0.25 0.12 
^Replication. 
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Table A.3. Total N fixed by two slow-growers and three Chinese fast-
growers on cultivars Corsoy 79 and Williams 82 
Cultivars 
Strain 
Corsoy 79 Williams 82 
Rl' R2 R3 R4 R5 R1 R2 R3 R4 R5 
mg plant"! 
USDA 110 42.04 36.60 40.20 40.50 44.00 39.18 47.32 32.10 31.00 40.20 
USDA 123 33.00 37.40 29.80 27.60 32.20 26.22 31.71 23.00 23.60 26.62 
HH 003 22.30 23.04 20.60 26.40 17.00 24.41 22.95 26,31 27.20 21.60 
HH 102 25.30 27.03 23.70 26.80 21.42 36.84 31.20 35.00 28.80 38.75 
HH 103 22.80 29.30 26.10 24.32 19.50 31.83 31.80 37.32 30.00 31.35 
Control 8.75 9.64 5.87 9.84 12.15 11.50 15.34 9.80 16.08 10.60 
^Replication. 
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Table A.4. Nodule occupancies in the greenhouse on cultivars Corsoy 7 9 
and Williams 82 when inoculated with three Chinese fast-
growers 
Cultivars 
Corsoy 79 Williams 82 
Strain Rl* R2 R3 R4 R5 R1 R2 R3 R4 R5 
% Occ. 
HH 003 
Log 5 10.0 9.5 10.0 2.5 3.0 6.2 10.0 11.0 6. 8 16. 0 
Log 8 12.0 10.0 9.0 6.0 10.0 10.5 14.5 13.5 13. 0 13. 5 
HH 102 
Log 5 9.5 9.2 12.5 18.7 12.5 18.7 18.7 6.2 18. 7 15. 7 
Log 8 10.0 20.0 12.5 12.5 25.0 18.7 18.7 31.2 18. 7 25. 2 
HH 103 
Log 5 2.0 2.0 2.0 3.0 3.5 0.0 0.0 0.0 12. 0 3. 0 
Log 8 1.0 1.0 1.5 2.0 2.0 25.0 25.0 12.0 19. 0 21. 5 
Control 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0. 0 0. 0 
^Replication. 
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Table A. 5. Nodule occupancies in the greenhouse on cultivars L4104 and 
Hardin when inoculated with three Chinese fast-growers 
Cultivars 
Hardin L4104 
Strain Rl® R2 R3 R4 R5 R1 R2 R3 R4 R5 
% Occ. 
HH 003 
Log 5 6 .2 6 .0 6. 2 6 .6 0 .0 21 .5 19. 5 18. 0 21. 0 20 .0 
Log 8 9 .5 9 .5 3. 5 3 .0 4 .5 31 .0 31. 0 31. 0 31, 0 31 ,0 
HH 102 
Log 5 8 .0 18 .0 6. 0 8 .0 10 .0 23 .0 23. 5 17. 5 28. 0 18 .0 
Log 8 12 .5 12 .5 25. 0 10 .0 0 .0 31 .2 18. 7 31. 2 22. 4 34 .0 
HH 103 
Log 5 6 .2 0 .0 6. 2 12 .6 15 .0 14 .0 6. 0 18. 0 13. 0 16 .5 
Log 8 6 .0 12 .5 12. 0 18 .0 1 .5 25 .0 25. 0 12. 5 12. 5 10 .0 
Control 0 .0 0 .0 0. 0 0 .0 0 .0 0 .0 0. 0 0. 0 0. 0 0 .0 
^Replication. 
Table A. 6. Nodule occupancies of three Chinese fast-growers on Corsoy 79 and Williams 82 grown 
in the greenhouse in six different soils 
Strain HH 003 HH 102 HH 103 
Treatment Rl® R2 R3 R4 R5 R1 R2 R3 R4 R5 R1 R2 R3 R4 R5 
% Nod Occ. 
Corsoy 79 
Sl^ 
52 
53 
54 
55 
56 7.0 6.0 8.5 5.0 6.0 12.0 10.0 11.0 9.0 13.0 10.0 9.0 7.0 6.0 15.0 m 
00 
20.0 30.0 15. 0 25. 0 11. 5 18. 0 20. 0 16. 0 19. 0 16. 0 16. 0 18.0 12.0 19. 0 13.0 
9.0 8.0 10. 0 11. 5 8. 5 13. 5 12. 0 15. 0 10. 0 12. 0 15. 0 11.0 14.0 16. 0 14.0 
12.0 10.0 11. 0 14. 0 8. 0 28. 0 32. 0 18. 0 27. 0 20. 0 10. 0 9.0 7.0 11. 0 10.0 
18.0 19.5 17. 5 15. 0 16. 5 19. 5 20. 0 15. 0 17. 0 22. 0 25. 0 20.0 15.0 20. 0 20.0 
19.0 21.0 15. 5 22. 0 16. 0 22. 0 28. 0 19. 0 19. 0 18. 0 29. 5 20.0 25.0 35. 0 31.0 
          
Williams 82 
Sl'^  
52 
53 
34 
55 
56 
25. 0 23. 0 20. 0 28. 0 21.0 30. 0 28. 0 34 .0 26. 0 31. 5 40. 0 35. 0 38 .0 45. 0 35. 5 
20. 0 15. 0 18. 0 27. 0 24.0 23. 0 20. 0 18 .5 27. 0 26. 0 25. 0 30. 0 22 .0 23. 0 15. 0 
15. 0 12. 0 13. 0 20. 0 18.0 15. 0 13. 0 12 .5 20. 0 10. 0 9. 0 10. 5 8 .5 7. 5 8. 0 
12. 0 13. 5 15. 0 11. 0 11.0 27. 0 30. 0 23 .0 35. 0 16. 0 19. 0 21. 0 18 .5 20. 0 15. 0 
8. 0 10. 0 5. 0 15. 0 7.5 20. 0 15. 5 14 .0 18. 0 29. 0 25. 0 31. 0 34 .0 18. 0 17. 0 
20. 0 24. 0 21. 0 19. 0 15.0 15. 0 9. 0 9 .0 11. 0 18. 5 15. 0 12. 0 18 .0 18. 0 12. 0 
^Replication. 
bsoil. 
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Table A.7. Shoot dry weights of three Chinese fast-growers on Corsoy 
79 and Williams 82 grown in the greenhouse in six different 
soils 
Treatment 
Soil 
Corsoy 79 
HH 003 
HH 102 
HH 103 
Control^ 
Williams 82 
HH 003 
HH 102 
HH 103 
Control 
1.34ab® 1.53a 
1.43a 1.68a 
1.23b 1.66a 
g plant 
1.44b 
1.80a 
1.43b 
-1 
1.53a 
1.55a 
1.65a 
1.45b 1.45a 
1.70a 1.40a 
1.62ab 1.28a 
1.15b 1.52a 1.40b 1.30b 1.22c 1.38a 
1.65b 1.48ab 2.02a 1.52b 
1.77b l.Slab 1.95a 1.75a 
2.08a 1.66a 1.68b 1.55ab 
1.50b 1.75a 
1.52b 1.60a 
1.75a 1.68a 
1.30c 1.38b 1.60b 1.40b 1.51b 1.58a 
Interactions 
Cul X Soil 
®Mean of five replications. Means within a column within a 
cultivar not followed by the same letter differed significantly (P 
0.05) by Duncan's multiple-range test. 
^Control did not receive inoculation. 
• Significant at 0.05 probability level. 
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Table A. 8. Nodule occupancies by three Chinese fast-growers tested in 
the field at two sites on Corsoy 79 and Williams 82 in 1987 
and 1988 
Site 1 Site 2 
Treatment Bl® B2 B3 B4 B5 B1 B2 B3 B4 B5 
% Occ. at V6 
-1987-
Corsoy 79 
HH 003 8 .0 7. 0 10. 0 5. 0 
o
 
in 
9.3 10. 3 7. 0 8. 4 6 .5 
HH 102 12 .0 9. 0 10. 0 9. 0 10.0 10.0 8. 0 7. 0 11. 0 9 .0 
HH 103 8 .0 9. 5 10. 0 6. 0 4.0 7.5 8. 5 12. 0 7. 0 10 .0 
Williams 82 
HH 003 5 .0 6. 5 3. 5 2. 0 3.0 7.0 8. 5 4. 5 3. 5 7 .0 
HH 102 4 .0 6. 0 4. 0 1. 5 3.5 9.5 6. 5 10. 0 6. 0 8 .0 
HH 103 10 .0 8. 5 6. 5 8. 0 11.0 6.5 7. 2 5. 2 6. 0 5 .0 
-1988-
Corsoy 79 
HH 003 9 .5 8. 0 10. 0 6. 5 9.5 6.0 5. 0 4. 0 9. 5 9 .0 
HH 102 12 .5 15. 5 12. 0 16. 0 10.5 14.0 10. 0 6. 0 12. 0 12 .0 
HH 103 12 .0 10. 0 8. 0 16. 0 8.0 10.0 12. 0 8. 0 7. 5 14 .5 
Williams 82 
HH 003 9 .5 6. 0 5. 0 10. 0 9.0 13 .5 4. 5 15. 0 4 .0 6.5 
HH 102 6 .5 11. 0 8. 0 10. 0 8.0 15 .5 5. 0 6. 0 10 .5 8.5 
HH 103 10 .0 5. 0 6. 0 9. 5 9.5 10 .5 12. 5 11. 0 8 .5 18.0 
^Block. 
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Table A. 9. Soybean yield after inoculation with three Chinese fast-
growers at two sites each in 1987 and 1988 
Site 1 Site 2 
Treatment Bl^ B2 B3 B4 B5 B1 B2 B3 B4 B5 
Mg ha~^ 
-1987-
Corsoy 79 
HH 003 3 .00 2 .85 1. 90 3 .20 2 .90 2 .40 2 .55 1 .50 2 .50 3 .00 
HH 102 2 .65 2 .50 3. 00 2 .50 2 .50 3 .20 2 .50 2 .75 2 .00 1 .80 
HH 103 2 .85 2 .75 2. 50 3 .25 2 .00 2 .55 2 .85 3 .10 1 .90 2 .00 
Control 2 .50 3 .00 1. 75 3 .50 2 .75 2 .00 2 .50 1 .75 2 .00 2 .75 
N treatment 3 .20 2 .50 2. 30 3 .00 2 .90 2 .50 2 .00 2 .70 3 .00 2 .00 
Williams 82 
HH 003 2 .15 3 .25 2. 60 3 .15 2 .00 2 .00 1 ,50 1 .75 2 .50 3 .00 
HH 102 3 .30 2 .25 2. 20 2 .50 3 .50 2 .30 3 .15 2 .50 1 .50 2 .00 
HH 103 2 .60 2 .00 3. 15 3 .25 2 .15 1 .95 2 .00 2 .85 1 .50 1 .50 
Control 1 .90 2 .10 2. 75 3 .15 3 .00 3 .00 1 .50 1 .25 2 .50 2 .50 
N treatment 3 .50 3 .10 2. 70 2 .75 2 .25 2 .75 3 .75 2 .25 2 . 00 2 .00 
-1988-
Corsoy 79 
HH 003 1 .70 2 .45 1. 30 2 .00 2 ,00 1 ,40 2 .45 1 .00 1 .15 0 .85 
HH 102 2 .00 2 .15 1. 75 1 .60 1 ,65 1 ,70 2 .30 1 .50 2 .00 1 .00 
HH 103 1 .95 2 .00 1. 50 2 .50 1 ,00 1 ,50 1 .45 2 .00 1 .50 1 .50 
Control 2 .00 2 .20 1. 80 1 ,90 1 ,30 1 ,50 1 .75 2 .00 1 .25 1 ,75 
N treatment 2 .75 2 .00 2. 50 1 .50 2 ,00 1 ,45 2 .00 1 .55 2 .45 2 ,00 
Williams 82 
HH 003 1 ,70 2 .00 1 .50 2 .00 1 ,45 1 ,00 1 .50 1 .25 1 .25 1 .00 
HH 102 2 .00 1 .75 1 .25 1 .50 2 ,50 1 ,30 1 .00 0 .75 1 .25 2 .30 
HH 103 2 .35 2 .50 1 .50 2 .00 1 ,00 1 ,25 1 .25 1 .50 0 .50 1 .40 
Control 1 .50 2 .00 2 .50 1 ,40 1 ,10 1 ,25 1 .25 1 .50 0 .50 1 .00 
N treatment 1 .85 2 .50 2 . 15 1 .35 2 .00 2 .15 1 .70 1 .65 1 .50 1 .15 
^Block. 
Table A.10. Nodule occupancies of field-collected soil to evaluate the 
persistency of three Chinese fast-growers tested at two 
sites inoculated in 1987 
Treatment Rl^ R2 R3 R4 R5 R6 R7 R8 R9 RIO 
Site 1 % Nod. Occ. 
-1989-
Williams 82 
HH 003 18 .7 18.7 18. 7 6 .2 12 .5 6 .2 6. 2 6. 2 6. 2 0 .0 
HH 102 37 .5 18.7 6. 2 12 .5 6 .2 12 .5 12. 5 12. 5 6. 2 6 .2 
HH 103 6 .2 12.5 6. 2 12 .5 12 .5 25 .0 18. 7 18. 7 18. 7 18 .7 
Control 0 .0 o
 
o
 
0. 0 0 .0 0 .0 0 .0 0. 0 0. 0 0. 0 0 .0 
Site 2 
HH 003 6 .2 12.5 12. 5 12 .5 6 .2 6 .2 12. 5 6. 2 6. 2 6 .2 
HH 102 18 ,7 25,0 12. 5 6 .2 6 .2 6 .2 12. 5 12. 5 12. 5 12 .5 
HH 103 18 .7 6.2 0. 0 0 .0 12 .5 6 .2 6. 2 6. 2 18. 7 12 .5 
Control 0 .0 
o
 
o
 0. 0 0 .0 0 .0 0 .0 0, 0 0. 0 0. 0 0 .0 
-1990-
Williams 82 
Site 1 
HH 003 12 .5 6. 2 25. 0 0 .0 12 .5 12 .5 18.7 6. 2 6 .2 0 .0 
HH 102 18 .7 12. 5 12. 5 6 .2 6 .2 25 .0 6.2 12. 5 0 .0 6 .2 
HH 103 0 .0 25. 0 0. 0 6 .2 6 .2 6 .2 0.0 25. 0 6 .2 12 .5 
Control 0 .0 0. 0 0. 0 0 .0 0 .0 0 .0 
o
 
o
 0. 0 0 .0 0 .0 
Site 2 
HH 003 12 .5 6. 2 0. 0 6 .2 12 .5 6 .2 0.0 6. 2 6 .2 6 .2 
HH 102 12 .5 12. 5 12. 5 6 .2 6 .2 12 .5 25.0 12. 5 6 .2 6 .2 
HH 103 6 .2 0. 0 0. 0 6 .2 12 .5 12 .5 0,0 6. 2 0 .0 0 .0 
Control 6 .2 0. 0 0. 0 0 .0 0 .0 0 .0 
o
 
o
 0. 0 0 .0 0 .0 
^Replication. 
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Table B.l. Nodule occupancies and plant dry weights of three Chinese 
fast-growers tested in the greenhouse in an alkaline soil 
and in sterile vermiculite, respectively 
Treatment Rl® R2 R3 R4 R5 R6 R7 R8 R9 RIO 
% Nod. Occ. 
Williams 82 
HH 003 18 .7 31 .2 18 .7 12.5 12 .5 12 .5 31 .2 6 .2 37 .5 6.2 
HH 003L 0 .0 0 .0 0 .0 6.2 0 .0 12 .5 6 .2 0 .0 0 .0 6.2 
HH 003M 0 .0 6 .2 0 .0 0.0 6 .2 6 .2 0 .0 12 .5 0 .0 6.2 
Control 0 .0 0 .0 0 .0 o
 
o
 
0 .0 0 .0 0 .0 0 .0 0 .0 0.0 
Williams 82 
HH 003 
HH 003L 
HH 003M 
Control 
Dry Wt. (g pl.~^) 
1.5 2.0 1. 0 1.5 1.5 1.6 1.0 1.4 2.0 1.6 
1.0 1.3 2. 0 1.7 1.4 1.6 1.0 1.7 1.1 1.4 
1.0 1.2 1. 7 1.6 1.6 1.6 1.3 1.5 1.6 1.7 
1.2 1.0 1. 0 0.7 
CO o
 0.7 o
 
CO
 CO o
 0.7 0.6 
^Replication. 
Table B.2. Siderophore production by USDA slow-growers and Chinese 
fast-growers tested in liquid medium 
Strain O.D. Siderophore® 
(630nm) production 
USDA 110 1.8 
USDA 123 1.9 — 
USDA 135 1.2 + 
HH 003 1.3 + 
HH 102 1.6 + /-
HH 103 1.5 + /-
HH 003L 0.7 ++ 
HH 003M 0.6 ++ 
Control medium 1.9 
^Scaled values of absorbance at 630 nm: ++, 0.3 to 0.8; +, 0.8 to 
1.3; +/-, 1.3 to 1.8; —, >1.80. 

